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ABSTRACT 

Over the past decades, synthesis of One-Dimensional (1D) nanostructured transition metal 

oxide materials has been attracting significant research interests. Among the numerous 

synthesis routes, the electrochemical self-organized approach offers a low-cost, 

straightforward and parallel process leading to grow vertically aligned, self-organized 

oxide nanoarchitectures (such as nanotubular or nanoporous arrays).  

By a simple but optimized electrochemical anodization of a titanium metal sheet in 

fluoride containing electrolytes, high aspect ratio, self-ordered TiO2 nanotube arrays could 

be formed. However, similar self-ordered metal oxide nanoarchitectures (nanotubular or 

nanoporous structures) with high aspect ratio have not been achieved for some transition 

metals, such as tantalum. In this thesis advanced anodization approaches in organic 

fluoride containing electrolytes are employed to fabricate various high aspect ratio, 

self-ordered metal oxide nanoarchitectures on the pristine transition metals (such as 

tantalum and titanium), on binary Ti-Ta alloys, on Ti-Ta alloy thin films and Ti/Ta 

multilayers. It is also within the scope of this work to achieve the controllable formation 

of anodic oxide 1D nanoarchitectures with tunable geometries (e.g., nanopores or 

nanotubes, length, and tube/pore diameter) and crystallinity (e.g., amorphous or 

completely crystallized).  

In the first part of this thesis, by using an optimized glycerol / ethylene glycol mixture 

electrolyte with addition of NH4F and the background salt (NH4)2SO4, long-range 

self-ordered, high aspect ratio Ta2O5 nanoporous layers with thicknesses of more than 11 

μm are grown. The nanopore diameter of the formed nanoporous layers can be altered in 

the range of 7-18 nm by controlling the applied voltage. For Ti, by anodization of Ti in the 

NH4F containing ethylene glycol electrolyte with precisely controlled water content (0 to 
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0.7 vol.%), the transition from self-ordered anodic nanotubular to nanoporous TiO2 layer 

is achieved.  

In the second part, we show that the tunable formation of long-range hexagonally 

ordered anodic nanoporous / nanotubular TiO2-Ta2O5 layers with thicknesses of more than 

10 μm can be achieved on the Ti-19Ta, Ti-10Ta and Ti-40Ta alloys, by carefully adjusting 

the small amount of water (5vol.%~15 vol.%) in the NH4F containing ethylene glycol 

electrolyte. The pore diameter of the formed anodic TiO2-Ta2O5 1D nanostructures can be 

tailored from 27 nm to 50 nm with variation of the applied voltage from 20 V to 60 V.   

The third part of this thesis is devoted to form self-ordered anodic TiO2-Ta2O5 1D 

nanostructured thin films on Al foil and Si wafer substrates. In the case of the sputtered    

Ti-19Ta alloy/Si substrates, an entire large area of self-ordered anodic nanoporous 

TiO2-Ta2O5 thin film with a thickness of 3.16 μm can be formed on the Si wafer. For the 

sputtered Ti-19Ta alloy/Al composite thin film, self-ordered TiO2-Ta2O5 nanotubular 

arrays with open bottom are obtained. 

In the fourth part, by the optimization of the anodization process of the Ti/Ta 

multilayers, 3D TiO2/Ta2O5 superlattice nanotube arrays with regular 20 nm-spaced 

modulations in the tube wall composition are fabricated in a simple electrochemical 

process for the first time, without expensive UHV equipment. The TiO2/Ta2O5 confined 

heterojunction nanotubes, where electronic properties alternate with 20 nm precision, have 

shown enhanced photocatalytic efficiencies and phonon confinement effects, and are 

expected to drastically enhance efficiencies in charge transfer devices. 

In the final part, some key factors towards the formation of high aspect ratio, 

self-ordered anodic oxide nanoarchitectures are discussed, such as the organic electrolyte, 

the water content of the electrolyte as well as the involved metallic substrates. 
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 Kurzzusammenfassung 

Im Laufe der letzten Jahrzehnte hat die Synthese eindimensionaler (1D) nanostrukturierter 

Übergangsmetalloxide erhebliches Forschungsinteresse auf sich gezogen. Unter der 

Vielzahl von Synthesewegen bietet der elektrochemische Ansatz den Vorteil geringer 

Kosten und eines einfachen und parallelen Prozesses, der die Herstellung vertikal 

ausgerichteter, selbstorganisierter oxidischer Nanostrukturen (wie z.B. nanotubularer oder 

nanoporöser Anordnungen) ermöglicht.  

Es konnten beispielsweise durch Anodisierung von Titan in fluoridhaltigen Elektrolyten 

unter optimierten Bedingungen, selbstorganisierte Anordnungen von TiO2 Nanotubes mit 

einem hohen Längenverhältnis erzeugt werden. Bisher konnten jedoch für einige 

Übergangsmetalle, wie z.B. Tantal, noch keine selbstorganisierten 

Metalloxid-Nanostrukturen (nanotubular oder nanoporös) mit einem ähnlichen 

Längenverhältnis erzeugt werden. Im Rahmen dieser Doktorarbeit werden neuartige 

Anodisierungsansätze in organischen fluoridhaltigen Elektrolyten angewendet um 

unterschiedliche selbstorganisierte, metalloxidische Nanostrukturen auf den 

ursprünglichen Übergangsmetallen (wie z.B. Tantal und Titan), binären Ti-Ta 

Legierungen, Ti-Ta Dünnschichten und Ti-Ta Mehrfachschichten mit einem hohen 

Längenverhältnis zu erzeugen. Im Fokus dieser Arbeit steht auch das Erzielen einer 

kontrollierbaren anodischen Herstellung oxidischer 1D Nanostrukturen mit einstellbaren 

Geometrien (z.B. Nanoporen oder Nanotubes, Länge, und Tube/Poren-Durchmesser) und 

einstellbarer Kristallinität (z.B. amorph oder vollständig kristallin). 

Im ersten Teil dieser Arbeit werden unter der Verwendung eines Elektrolyten mit einem 

optimierten Glycerol / Ethylenglycol-Gemisch und Zugaben von NH4F und des 

Hintergrundsalzes (NH4)2SO4, langgestreckte, selbstorganisierte, nanoporöse 
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Ta2O5-Schichten mit einem hohen Längenverhältnis und einer Dicke von mehr als 11 µm 

hergestellt. Der Nanoporen-Durchmesser der hergestellten nanoporösen Schichten kann 

durch die Kontrolle der angelegten Spannung im Bereich von 7–18 nm verändert werden. 

Für Titan wird der Übergang von selbstorganisierten, anodisch hergestellten 

nanotubularen TiO2-Schichten zu nanoporösen TiO2-Schichten, durch Anodisierung von 

Ti in NH4F-haltigen Ethylenglycol-Elektrolyten mit genau kontrolliertem Wassergehalt (0 

bis 0,7 vol.%), erreicht. 

Im zweiten Teil zeigen wir, dass die einstellbare anodische Herstellung von langen, 

hexagonal geordneten, nanoporösen/nanotubularen TiO2-Ta2O5 Schichten mit einer Dicke 

von mehr als 10 µm auf den Ti-19Ta, Ti-10Ta und Ti-40Ta Legierungen erzielt werden 

kann, indem man den Wassergehalt (5 vol.% ~ 15 vol.%) im NH4F-haltigen 

Ethylenglycol-Elektrolyten vorsichtig anpasst. Der Porendurchmesser der hergestellten 

anodischen TiO2-Ta2O5 1D Nanostrukturen kann von 27 nm bis 50 nm eingestellt werden, 

indem man die angelegte Spannung von 20 V bis 60 V variiert. 

Der dritte Teil dieser Doktorarbeit befasst sich mit der anodischen Herstellung von 

selbstorganisierten, nanostrukturierten TiO2-Ta2O5 1D Dünnfilmen auf Al-Folien und 

Si-Wafern. Im Falle des gesputterten Ti-19Ta-Legierung/Si-Dünnfilms, wurde ein 

zusammenhängender großflächiger Dünnfilm aus selbstorganisiertem, anodisch 

hergestelltem TiO2-Ta2O5 mit einer Dicke von 3,16 µm auf dem Si-Wafer hergestellt. Für 

den gesputterten Ti-19Ta-Legierung/Al-Dünnfilm erhält man nanotubulare TiO2-Ta2O5 

Anordnungen mit geöffnetem Boden. 

Im vierten Teil werden durch Optimierung des Anodisierungsprozesses der Ti/Ta 

Multilayer, zum ersten Mal in einem einfachen electrochemischen Prozess ohne teure 

UHV-Geräte, nanotubulare 3D TiO2/Ta2O5 Übergitteranordnungen mit einer regulären 

Modulation der Zusammensetzung der Nanotube-Wand in einem 20 nm Abstand 
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hergestellt. Die TiO2/Ta2O5 Nanotubes mit Heteroübergang, bei denen die elektronischen 

Eigenschaften mit einer Genauigkeit von 20 nm alternieren, haben eine erhöhte 

photokatalytische Effizienz und Phonon-confinment Effect gezeigt. Es wird zudem 

erwartet, dass diese die Effizienz von Ladungsverschiebeschaltungen drastisch erhöhen. 

Im letzten Teil dieser Arbeit werden einige Schlüsselfaktoren bezüglich der anodischen 

Herstellung von selbstorganisierten, oxidischen Nanostrukturen mit einem hohen 

Längenverhältnis diskutiert, wie z.B. der organische Elktrolyt, der Wassergehalt des 

Elektrolyten, als auch die involvierten metallischen Substrate. 
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1 OVERVIEW  

1.1 Synthesis of 1D metal oxide nanoarchitectures  

Nanoscience and nanotechnology, as an interdisciplinary field among physics, chemistry 

and material science, is one of frontiers of scientific advancement in the past decades. 

Such rapidly growing interests in nanoscience are spurred by the progress in the new 

synthesis methods as well as applications. In general, nanostructures can be defined as 

systems having at least one dimension in the range of 1-100 nm. Depending on the length 

reduction in 1, 2 or 3 dimensions, nanostructures are distinguished among 2D thin films, 

1D nanotubes and nanowires or 0D nanoparticles. 

Beginning with the discovery of carbon nanotubes by Iijima[1], one dimensional (1D) 

nanostructures have continuously stimulated scientific and technological interest due to 

their fascinating combination of the dimensionality and properties, which not only incite 

emerging topics in basic research, but also lead to novel nanoscale devices. [2,3] While the 

research is mainly focused on carbon and silicon based 1D nanostructures, a full range of 

materials , especially transition metal oxides, have been successfully employed to 

synthesize 1D or virtually 1D nanostructures (nanotubes, nanowires, nanorods, and 

nanobelts) which exhibit many interesting new features.[4-6]  

Strategies for creating various 1D nanostructures can generally be categorized into 

top-down and bottom-up approaches, which can represent extension of these fabrication 

methods. The top-down approaches usually use a combination of advanced lithographic 

techniques, such as focused-ion-beam (FIB) writing [7,8] extreme-UV lithography [9,10], and 

etching and deposition processes to fabricate various 1D nanostructured materials. 

Although the top-down approach has been exceedingly successful in the microelectronics 

industry in the past 30 years, further attempts to push the resolution limit are confronted 

with nearly exponential increase in cost and the necessity of new level manufacturing 
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facilities. [11-13] This economic limitation and other issues with top-down approaches have 

led to worldwide efforts in exploring new strategies to fabricate 1D nanostructures. 

Bottom–up approaches, in contrast, use the chemical properties of single molecules to 

cause single-molecule components to self-organize or self-assemble into some useful 

conformation. As objects or systems decrease to the size of tens up to hundreds of 

nanometers, chemical methods become more efficient and the bottom-up approach poses a 

viable alternative approach to conventional top-down methods.[12, 14 ] Moreover, the 

bottom-up approach can potentially go far beyond the limits of the top-down technology 

by precisely controlling the synthesis conditions and subsequent assembly or growth. The 

nature of “self-assembly” or “self-organized” bottom-up approaches also facilitates the 

scale-up of the processes.  

Numerous methods have been invented or developed to synthesize various transition 

metal oxide 1D nanostructures following the bottom-up approach, such as the 

hydro/solvothermal methods and template-assisted approaches. For example, 1D 

nanostructured TiO2, which is the most extensively studied and used transition metal oxide 

nanostructure (with more than 40,000 publications over the past 10 years), has been 

successfully synthesized by various routes. By electrochemical deposition into an ordered 

alumina template, Hoyer probably produced titania nanotubes for the first time. [15,16] Later, 

similar titania nanotubes are also fabricated by template assisted sol-gel methods [17-,18,19], 

atomic layer deposition (ALD) into the template [20,21], and hydro/solvothermal methods 

with or without templates [22-24]. Many of these processes are based on acid-catalyzed 

hydrolysis reactions of titanium alkoxide precursors, followed by condensation reactions 

in defined template with nanopores, such as anodic alumina or track-etched polymers.[17] 

Alternatively, templates to prepare titania nanorods and nanotubes can also be formed by 

self-assembly of surfactants into cylindrical micelles in solution.[25,26] Due to its excellent 
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conformability, ALD has been applied to deposit titania onto templates such as porous 

anodic alumina to produce TiO2 nanotubes or nanorods.[20,21]  

The hydro/solvothermal method represents another widely employed route to synthesize 

1D TiO2 nanostructures, as initially reported by Kasuga et al. [22,23]. In a typical procedure, 

the precursors (such as the TiO2 powder dissolved in NaOH solution) are placed in a 

Teflon-lined autoclave and the reactions will proceed at elevated temperatures and 

pressures. Although the hydro/solvothermal method seems to be versatile at producing 1D 

nanostructures of different materials, yield and uniformity of the products (in terms of 

morphology and size) are always low.  

For other transition-metal oxides, such as WO3, ZnO, ZrO2, V2O5, Nb2O5, Ta2O5, SnO2 

and Fe2O3, their 1D nanoarchitectures can also be fabricated by a template approach or 

hydro / solvothermal method.[ 27 ]  Nevertheless, all these precursor solutions or 

template-based processes result in single tubes or loose agglomerates of tubes or bundles 

that are dispersed in a solution, and often show a wide range distribution of tube lengths or 

diameters. To make use of these nanostructured materials in electrically contacted devices, 

these nanotubes powders are usually compacted into dense layers on an electrode surface, 

which may lead to an arbitrary orientation of nanotubes on the electrode. This process 

eliminates their advantages of the one-dimensional directionality (for example, providing 

a 1D-electron path to the electrode). 
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1.2 Electrochemical self-organized formation of 1D metal oxide nanoarchitectures 

The self-organization during electrochemical processes presents a versatile and convenient 

approach to prepare 1D transition metal oxide nanoarchitectures, mainly nanotube and 

nanopore arrays, with high yield. The self-organization of this approach leads to ordered 

nanotubular or nanoporous arrays, which are self-ordered and aligned perpendicular to the 

substrate surface (as illustrated in Fig.1.1b) [28-30]. Typically, such a self-organization 

formation process is achieved by optimized anodization on corresponding transition metal 

substrates.  

 
Figure 1.1 (a) Schematic set-ups for electrochemical self-organized approach. 

( b)Depending on the electrolytes used (with or without fluorides ), the formed oxide layer 

can be either compact, or nanotubular/nanoporous. (Taken from Ref. [28]) 

 

As illustrated in Fig.1.1, when metals are exposed to sufficient anodic voltage in the 

electrochemical configuration (Fig.1.1a), an electric field induced oxidation reaction (1.1) 

M + xH2O – xe-→ MOx + 2xH+                     (1.1) 

will occur and a thin compact oxide layer will form on the metal substrate (in case of 

neutral electrolyte). However, a competing chemical dissolution reaction (1.2) will 

establish when fluoride ions are present in the electrolyte.  

MOx + yF- +2xH+ → [MFy]2x-y + xH2O              (1.2) 

Under optimized anodization conditions (such as voltage and electrolyte), 

self-organized nanotubular or nanoporous structures will be formed and grow 

continuously into the metal substrate. Such self-organization process has been observed at 
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first in the anodic porous Al2O3 system, which has been well studied for almost 50 years 

[ 31 - 33 ]. It is only until the beginning of 21st century that such electrochemical 

self-organized formation approaches extended to other metal oxide systems.   

 
Figure 1.2 SEM images of self-organized TiO2 nanotube layer formed in: (a) 1M Na2SO4 

+ 0.14 M NaF electrolyte, (b) glycerol electrolyte with 0.14 M NH4F, and (c) ethylene 

glycol electrolyte with 0.2 M HF.(Taken from Ref. [39] ) 

 

In 1999, Zwilling and co-workers first reported self-organized growth of anodic TiO2 

nanotube layers (although the author called the structure porous TiO2), by anodizing 

titanium in chromic acid electrolytes containing hydrofluoric acid.[34,35] Motivated by the 

exciting features of the structure and the relative low-cost, world-wide researchers 

continuously explore and improve this approach to build various self-ordered transition 

metal oxide nanoarchitectures. For example, anodic TiO2 nanotubes have been grown 

from approx. 500 nm thick in case of Zwilling’s work to, nowadays, tens to several 

hundred micrometers thick with self-ordering. Fig.1.2 summarizes the SEM images of 

different generations of TiO2 nanotube arrays. [36-39] 

Apart from titanium, this electrochemical self-organized formation approach has also 

been applied to form the anodic oxide 1D nanoarchitectures on other transition metals, 
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such as Zr [40-45], Hf[46,47], W[48-51], Nb[52,53], Ta[54-56] , Fe[57-59] and V[60]. Fig.1.3 

summarizes several SEM images of the obtained anodic oxide nanostructures of various 

metals.  

 
Figure1.3 SEM top images (and insets show cross-sectional views) of anodic oxide 

nanostructures formed on the other metals. (Taken from the Ref.[42,46, 55,52,49]) 

 
As shown in Fig.1.3, although the similar self-ordered anodic oxide nanoarchitectures 

with high aspect ratio have been formed on Zr and Hf, this approach has not succeeded yet 

for the Group V and Group VI metals (such as Ta, Nb and W). On these metals, only the 

irregular nanoporous oxide layers with thicknesses of less than 500 nm are obtained. 

Nevertheless, as a typical Group V metal oxide, Ta2O5 has shown wide applications as 

material for coatings [61,62], catalysts [63-67], electronic devices [68,69], energy storage and 

conversion devices [70-73], photocatalytic water splitting [74,75], optical devices [76-79], and 

biomedical applications [80,81]. It is therefore reasonable to anticipate that high aspect ratio, 

self-ordered anodic Ta2O5 1D nanoarchitectures would promote broader applications. 

Moreover, apart from the noble metals (such as Pt and Au), Ta and Ta2O5 are probably 

the most chemically stable transition metal and metal oxide with respect to the chemical 

resistances in various environments including highly acidic, alkaline and fluoride 

containing electrolytes. In the view of the self-organized growth approach itself, the 

successful formation of high aspect ratio, self-ordered anodic Ta2O5 1D nanoarchitectures 
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will be greatly beneficial to complement the universal model for the electrochemical 

self-organized growth.  

Apart from pristine transition metals, this facile electrochemical approach is also 

versatile for binary alloys, such as Ti-Nb [82,83], Ti-Zr [84,85], Ti-Ta [86], Ti-W [87], Ti-Mo [88], 

Ti-Al [89,90], and on ternary [91,92] and more complex alloy systems [93,94]. The obtained 

anodic oxide nanoarchitectured layers on these alloys can either introduce some specific 

functional properties into TiO2 (or other MOx) nanotube arrays and modulate their 

properties [83, 87], or provide some nanoarchitectured surface layers with specific functions 

on those alloys [92, 94].  

In case of several practical applications, formation of thin film oxide nanoarchitectures 

on the specific substrates, e.g., on conductive glass or silicon wafers, is highly desirable. 

This electrochemical self-organized approach is also an effective route to develop such 

thin film oxide nanoarchitectures on the desired substrates. For example, by carefully 

anodizing the sputtered (or evaporated) Ti metallic layers, a transparent TiO2 nanotube 

thin film has been successfully formed on conductive glass [95,96] and Si wafer [97-99] 

substrates.  

An even more spectacular idea is to anodize and convert sputtered metallic multilayer 

stacks into oxide superlattice nanotubular/nanoporous structures, which could combine the 

nanotubular structure with the heterojunctions structure. By this, a new and convenient 

route to fabricate 1D oxide superlattice nanoarchitectures can be realized.  
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1.3 Applications of self-organized 1D metal oxide nanoarchitectures  

Transition metal oxide materials have exhibited a wide range of functional properties 

based on their optical, electrical, chemical and biocompatible behavior. In their 1D 

nanostructured form, due to their high surface area, short solid-state diffusion paths and 

size confinement effects, the field of potential applications of these materials is 

significantly broadening (or even of practical value). In addition, using the self-aligned 

nanotubular assemblies also provides a preferred dimensionality, i.e., the efficient 

directional charge transfer towards the electrode (or current collector), to the system. 

Anodic TiO2 nanotube arrays have shown to be a beneficial nature of nanotubular 

structures in many applications, such as in the solar energy conversion [39, 100 - 104 ], 

electrochromic devices [ 105 - 108 ], photocatalytic devices [ 109 - 112 ] and also biomedical 

applications [113-118].  

Although the investigations on other anodic MOx nanoarchitectures have just been 

initiated, some of them have already shown several interesting properties and applications. 

For example, anodic WO3 nanoporous layers exhibit excellent ion intercalation properties 

[119] and enhanced photoelectrochemical properties [49,120]. For anodic ZrO2 nanotubes, 

bright visible luminescence has also been reported. [121]  

In the view of tuning the nanotube’ properties, self-organized fabrication of “alloyed” 

binary (or more complex) oxide nanoarchitectures by anodization of the related alloys 

provides an even wider extent to tune and improve their ionic, electronic or chemical 

properties. For example, anodic binary oxide nanotube arrays grown on Ti-Nb and Ti-W 

alloys have shown highly enhanced ions intercalation properties. [83, 87]  
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1.4 Aim of this work   

The aim of the work is to explore the electrochemical self-organized approach, especially 

the advanced anodization approaches, to elaborate various long-range self-ordered oxide 

1D nanoarchitectures (mainly nanoporous or nanotubular arrays) on pristine transition 

metals (e.g., tantalum and titanium), binary alloys (such as Ti-Ta alloys) and their thin 

film substrates. It is also within the scope of this work to achieve the formed 

nanostructures with various tunable geometries and crystallinity.  

Furthermore, a new route to fabricate oxide superlattice nanotube arrays, i.e., via a 

facile anodization approach to form self-organized superlattice nanotube arrays and embed 

the heterojunctions into nanotube walls, will also be in this work. The 

photoelectrochemical properties of the obtained oxide superlattice nanotube arrays are 

investigated.  
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2 THEORY  

2.1 Anodization of metals     

Anodic reactions involve the oxidation of a non-noble metal in a certain electrolyte by the 

withdrawal of electrons at a solid/electrolyte interface. Depending on the corrosion 

resistance of the metal and its oxide, the reaction products may be soluble in the 

electrolyte or insoluble and can lead to the formation of anodic oxide surface layers.[122-124] 

For certain metals – aluminum, niobium, tantalum, titanium, tungsten, zirconium, etc. – a 

compact oxide film can be grown by these anodic oxidation reactions. These metals are 

called valve metals. (This was historically due to the technical importance of anodized Ta 

in the capacitor industries.) Fig.2.1 shows the typical anodic polarization curve on a metal 

electrode.  

 
Figure 2.1 Typical anodic polarization curve for a metal electrode with passivation 

behavior at a distinct anodic potential, Up. (Taken from the Ref [124]) 

 
As shown in Fig.2.1, the current increases quickly with the anodic polarization from the 

open circuit potential (Uocp), which indicates the occurrence of the oxidation of metal. 

Apart from some unstable metals that may keep active corrosion in many solutions (such 

Li and Na), the active dissolution of metal at some point may be strongly inhibited due to 

a dense oxide film formed on the metal surface. In terms of an electrochemical treatment, 

this phenomenon is called passivation behavior. As shown in the polarization curve of 
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Fig.2.1, the passivation behavior can be manifested by a dramatic decrease of current at 

the passivation potential (Up). The anodic current density will be lowered by several 

orders of magnitude compared to the peak current density in the active/passive transition 

(called critical current density, jcrit ) and levels off to the passive current density (jp). In the 

passivation region, the value of passive current density remains almost constant within a 

wide range of potential. Only when the potential is swept to much more positive (>the 

breakdown potential Ubd), the current will sharply rise again. The increased current might 

be associated with the renewed acceleration of anodic metal dissolution, dielectric or 

chemical or structural breakdown or (and) to the start of oxygen evolution or electrolyte 

decomposition. [122] This region, where current starts to increase, is called the trans-passive 

region.  

It is noteworthy that the width of the passive region depends on the metal and the 

electrochemical condition employed. An important feature of valve metals, is that the 

passive region is relatively wide (or the breakdown potential is comparably high) and 

thereby a compact thicker oxide film can be obtained under high potentials (tens to several 

hundred volts). Usually all such oxide films grow under the “high electric field growth” 

model. [124]  

Apart from the metal effects, the formed anodic film also significantly depends on the 

electrochemical conditions, such as the electrolyte and applied potential. For example, the 

electrolyte used will determine the formed oxide film to be either thin compact “barrier” 

layer or thick self-organized nanoporous/nanotubular oxide layer. 
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2.2 Anodization of metals in neutral electrolytes  

Typically, if some neutral electrolytes in which the formed oxide is completely insoluble 

are used during the anodization process, the barrier-type thin anodic oxide film will be 

obtained on the valve metal substrate. Some examples of these electrolytes are the neutral 

boric acid solution, and the ammonium borate or tartrate aqueous solutions (pH 5-7).  

 
Figure 2.2 Scheme illustrating the anodic growth of a barrier-type oxide film  

on a metal surface 

 

Fig.2.2 illustrates that during the anodization process the anodic reaction at the 

metal/electrolyte interface is as following: 

   M + zH2O – 2ze-→ MOz + 2zH+               (2.1) 

Owing to the applied electric field , on the one hand, the metal M is oxidized to Mx+ 

ions and driven to transport outward; on the other hand, the O2- ions move inward and 

react with the Mx+ at the oxide/electrolyte or metal/oxide interface to form an oxide layer. 

Ideally, the formed thin compact barrier layers can conduct both electrons and ions at high 

electric field strength, which is the voltage drop U across the oxide film divided by its 

thickness. Below the threshold electric field strength, ionic conduction is negligible; 

however, it will be the predominant mode of charge transport at high electric field strength. 

The films will continue to grow as long as ionic currents continue to flow, which is 

dependent on the parameters, e.g., electric field strength, the metal and the metal oxide 

(such as the activation energy for ion motion).  
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Hence, the thickness of a barrier film can be treated as being dependent upon U and the 

metal, which is usually quoted in terms of the anodizing ratio (also called the growth 

factor, the number of nm of oxide formed per volt applied, nm V-1). That is, the oxide film 

thickness (D) can be approximately calculated as Eq.(2.2):  

                             UD ×= f            (2.2) 

where f is the anodizing ratio and U is the applied voltage. Table 2.2 shows a number of 

anodizing ratios for several metals. The main applications of the barrier-type anodic oxide 

films are in the field of dielectric capacitors, which are mainly produced on aluminum and 

tantalum. [125-127, 68] 

Table 2.1 Anodizing ratios for barrier film formation on valve metals.  

(Taken from Ref.[128] ) 

 
 

The maximum attainable thickness in the barrier-type anodic oxide film is reported to 

be less than 1 μm, corresponding to breakdown voltages in the range of 400~700 V. With 

increasing voltage (>limited voltage), dielectric breakdown of the films will occur. [128] 
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2.3 Anodic formation of self-organized nanoporous Al2O3 layers       

In contrast to the neutral electrolytes, some strongly acidic solutions can slightly dissolve 

the anodic oxide formed and therefore build porous-type anodic oxide films. The 

examples of these electrolytes are sulfuric, phosphoric, chromic and oxalic acids. Anodic 

porous alumina is the first and the best investigated system of such anodic nanoporous 

oxide layers.  

In 1953, Keller et al. first reported the basic model for anodic porous alumina, which 

was described as an almost ideally hexagonally close-packed duplex structure consisting 

of a porous and a barrier Al2O3 layer (as illustrated in Fig.2.3b).[31] Since then, by tailoring 

the anodization conditions the anodic porous Al2O3 layers with large surface area and 

uniform size of the pore distribution are achieved.[128] Between the 1970s and 1990s, the 

Manchester group (led by Wood and Thompson) established a deep insight in the growth 

mechanism of anodic nanoporous Al2O3 films, with the aid of some new techniques, such 

as TEM, marker methods and microtome sectioning[33, 129 - 132 ]. A typical SEM 

cross-sectional image of the anodic porous alumina layer is shown in Fig.2.3a, which is in 

agreement with the theoretical scheme shown in Fig.2.3b.[133]  

 
Figure.2.3 a) SEM cross-sectional image of self-ordered porous anodic alumina b) 

Schematic drawing of the idealized structure of anodic porous alumina. 

(Taken from Ref. [133]) 
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Although the scheme in Fig.2.3b shows uniform hexagonal cellular structures with a 

central pore in each cell namely honeycomb type structures, in reality most anodization 

conditions produce disordered porous films, i.e., films with distribution of cell size and 

pore diameter. Depending on the anodization conditions such as electrolyte, temperature 

and voltage, the porous structural cell diameter can be adjusted in the range of 50-300 nm 

and the pore diameter is typically 1/3 to 1/2 of the cell diameter.[33] The aspect ratio of 

porous alumina can be as high as 1000. For example, in sulfuric acid electrolyte, the 

typically obtained anodic porous Al2O3 film shows 20 nm of pore diameter and 20 to 50 

µm of thickness.  

As pointed out in the literature [134,33, 29], the nucleation and growth of anodic porous 

films is a self-organization process that requires a specific localized distribution of oxide 

formation and dissolution rates. The determining factors will be the electric field, the 

stress factor and the local chemical etching. Fig.2.4a-d represent the schematic diagrams 

of the different stages during the porous oxide growth, which are detectable by monitoring 

the current-time dependency [135] (Fig.2.4e) or direct observation from HRTEM [130]. At 

the first stage shown in Fig.2.4a, the surface of aluminum is covered entirely with a 

compact anodic oxide layer, i.e. the barrier-type compact oxide. However, due to random 

chemical etching by the electrolyte and the stress during the oxide formation, the oxide 

surface becomes fluctuant and thereafter induces a non-homogenous distribution of the 

electric field in the oxide (i.e., more pronounced fluctuations lead to more local focused 

electric field, as shown in Fig.2.4b). As a result, field-enhanced chemical dissolution of 

the formed oxide occurs at electrolyte/oxide interface and the pores start to nucleate 

(Fig.2.4c). Afterwards, the pore growth process will reach the steady state and uniformly 

distributed pores are obtained (Fig.2.4d).  
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Figure 2.4 Schematic representation of alumina pore formation by anodization: (a) 

formation of the compact oxide on aluminum; (b) local field distribution correlated to the 

surface morphological fluctuations; (c) initiation of the pore growth due to the 

field-enhanced dissolution; (d) pore growth in steady-state conditions; (e) represents the 

typical current transient recorded during anodization of Al. (Taken from Ref. [29]) 

 

During the anodic oxide growth process, owing to the electric field effect, the oxygen 

containing ions (O2- ions) will migrate from the electrolyte through the oxide layer at the 

pore bottom, while the Al3+ ions will simultaneously drift through the oxide layer and 

eject into the solution at the oxide/electrolyte interface (as shown in Fig.2.5) or react with 

O2-/OH- to form oxide (oxyhydroxide ).Hence, the two reactions, i.e. the oxide growth (2.3) 

and the field-enhanced oxide dissolution (2.4), will take place at different interfaces and 

reach a dynamic equilibrium to continuously drive the growth of the porous oxide layers: 
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2Al + 3O2-→ Al2O3                     (2.3) 

(at metal/oxide interface) 

Al2O3 +6H+→ 2Al3+ +3H2O              (2.4) 

(at oxide/electrolyte interface) 

 

 
Figure 2.5 Schematic representation of anodization of Al in the acidic electrolyte  

(Taken from Ref. [136]) 

 

Although anodic porous Al2O3 layer has been applied in corrosion prevention 

applications for several decades, it was not until the remarkable work of Masuda and 

Fukuda in 1995 [137] that researchers stared to realize that, an almost ideal degree of 

self-organization can be achieved (or eventually with honeycomb type hexagonally 

ordering) under optimized conditions. An example of such a highly ordered porous Al2O3 

structure is shown in Fig.2.6. Up to now, it is believed that to achieve long-range 

self-ordered anodic porous Al2O3 layers require optimized anodization conditions, 

including the “right” potential, electrolyte and temperature, or/and some special 

pre-treatments of the substrate. Since 1995, several approaches have been exploited to 

produce such long-range self-ordered anodic Al2O3 layers. 



 23

 
Figure 2.6 (a) SEM top views of normally anodic Al2O3 (left); hexagonally ordered 

anodic Al2O3 with the 150 nm interval pretexturing (right). (b) cross-sectional view of the 

hexagonally ordered anodic Al2O3. The anodization is performed in 0.3 M oxalic acid at 

60 V under 17 °C for 36 minutes, followed by pore widening in 5 wt % H3PO4 at 30 °C 

for 70 minutes. (Taken from Ref [138]). 

 

 For example, the two-step anodization approach, which is pioneered by Masuda et al., 

is widely used to form self-ordered nanoporous Al2O3 layers. [139] In this process, a 

long-time anodization step is firstly performed on an Al substrate, which leads the 

substrate to be textured with a long-range ordered pores (dimples) arrangement. Then a 

mixed acid is used to selectively remove the first formed oxide layer and contribute to a 

textured Al substrate with the long-range ordered dimples on the top. Afterwards, this 

textured substrate will be anodized again under the same condition as in the first step. 

During the second anodization process, the existing dimple arrangements on the textured 

substrate will guide to form a long-range self-ordered porous oxide layer from the initial 

stage. Alternatively, the combined process of pretexturing of the Al substrate and 

subsequent anodization can also be applied to produce such long-range self-ordered 

nanoporous Al2O3 layers.[138,140-142] The textured Al substrate can be produced by either 

mechanically imprinting a patterned mold on the flat Al surface[138, 140,141] or using FIB 

techniques [142]. 
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Gösele’s group, on the other side, proposed a mechanical stress model [136,143] and 

subsequent 10% porosity rule [144] to explain the formation of self-ordered nanoporous 

Al2O3 films. According to this model, due to the fact that the atomic density of aluminum 

in alumina is by a factor of 2 lower than in metallic aluminum, the volume of the anodized 

alumina will expand to about twice the original volume of aluminum (as shown in Fig.2.5). 

Hence, during the anodization process, the mechanical stress induced by the volume 

expansion will occur at the oxide/metal interface. The degree of the volume expansion 

(also called the volume expansion coefficient) is dependent on the applied potential. It is 

believed that the optimized conditions for growing a self-ordered porous Al2O3 film are 

accomplished by moderate expansion stress, i.e. the volume expansion coefficient is 

approximately 1.2 or the porous structure shows 10 % porosity. The applied potential will 

be the critical factor to determine the formation of either self-ordered or disordered pore 

arrangement.  

However, Ono et al. reported that highly self-ordered anodic porous alumina layers can 

be achieved with an arbitrary pore interval from 25 nm to 600 nm, just by optimizing the 

electrolyte and potential to maintain a high electric field strength during the anodization 

process.[145-147]  It is believed that the most determining factor towards the self-ordering of 

the pore arrangement is the high electric field strength at the barrier layer during the 

anodic film growth rather than certain self-ordering voltages.[146] This is in line with most 

recent models  that predict that a sufficiently high dissolution rate needs to be established 

to stabilize self-organization [148] 

As illustrated in Fig.2.7, under a high electric field the rapid oxide growth induces a 

compressive force at the barrier layer between each structure cell boundary. Therefore, the 

bottoms of cells grown at the barrier layer under the high field have to be pressed against 

each other, so that the self-ordering proceeds with the growth of the porous alumina 
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film.[147] During the anodization process, the log of current density (log I) is proportional 

to the electric field strength. That is to say, the key to establish a self-ordered porous 

alumina growth process is to maintain a high current density on the entire sample surface, 

but the current density should not be extremely high in order to avoid burning or electric 

breakdown. [146] 

 
 Figure 2.7 Schematic representation of self-organization of cell arrangement under high 

electric field (Taken from Ref.[147]). 

 

 
Figure 2.8 Result views of self-ordering voltages and corresponding cell diameters 

reported until now (Taken from Ref.[147]). 

 

Based on this mechanism, the self-ordered anodic alumina can be attained not only 

under some specific conditions (e.g., in sulfuric acid at 25 V, oxalic acid at 40 V and 

phosphoric acid at 195 V), but also in various acidic solutions, such as citric acid, malonic 
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acid and tartaric acid, under optimized conditions.[147] Fig.2.8 summarizes the 

self-ordering voltages reported and the corresponding cell diameters.    

In general, although a conclusive understanding of the formation of long-range ideally 

self-ordered anodic Al2O3 layer has not yet been reached, these approaches provide several 

effective guides to build such a kind of highly self-ordered anodic oxide 

nanoarchitectures.  
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2.4 Anodization of transition metals in fluoride-containing electrolytes  

Although the self-organized growth of an anodic nanoporous Al2O3 layer can be achieved 

in acidic electrolytes, initially it was of great difficulty to produce such self-organized 

anodic nanoporous oxide layers on the other valve metals in the transition groups, e.g. Ti 

and Ta. Compared to Al, others valve metals (and their oxides) exhibit excellent corrosion 

resistances to those acidic electrolytes and therefore mostly form a barrier-type compact 

thin oxide film in these electrolytes. [122]  

Several groups used so-called “spark anodization” to fabricate the porous oxide 

structures on Ti (also on Ti alloys) [149-153] and Ta [122,154]. Typically, this type of 

anodization is done at high voltage (in the range of 100~400 V, depending on the 

electrolyte), and dielectric breakdown will occur during the process. Due to oxygen 

evolution or dielectric discharge, an irregular porous oxide layer with the pore diameter 

randomly distributed between hundreds of nanometers up to few micrometers (depending 

on the breakdown potential) can be obtained. An example of these structures is shown in 

Fig.2.9.  

 
Figure 2.9 SEM images of titanium anodized at (A) 0 V, (B) 90 V, (C) 155 V, (D) 180 V  

in 1M H2SO4. (Taken from Ref [153]) 
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In 1999, a breakthrough was the observation that a self-organized anodic oxide 1D 

nanostructure layer could be grown on the other metals, e.g., on titanium.[34,35] In the 

following years, many efforts have been devoted to study and improve this facile 

electrochemical approach to form TiO2 and other MOx nanotubes/nanopores. Until now, it 

is commonly recognized that an electrolyte containing small amounts of fluorides is the 

key factor to achieve the self-organized nanotubular/nanoporous oxide layers on almost all 

kinds of valve metals.[29,30] Furthermore, in order to fabricate high aspect ratio, 

self-ordered MOx nanoarchitectures, the electrochemical anodization conditions should be 

suitable or even optimized.   

 
Figure 2.10 a) Schematic set-up for anodization experiments b) schematic representation 

of the anodization of Ti in fluoride containing electrolytes (Taken from Ref. [30])  

 

As shown in Fig.2.10b, when metals (e.g., titanium) are exposed to a certain anodic 

voltage in the fluoride containing electrolytes, the reactions will take place according to 

Equation (2.5)-(2.7):  

Ti +2H2O – 4e-→ TiO2 + 4H+                  (2.5) 

Ti4+ + 6F- →  [TiF6]2-                        (2.6) 

TiO2 + 6F- +4H+ →  [TiF6]2- + 2H2O            (2.7) 



 29

Initially the growth of an anodic oxide layer is determined by the field-aided transport 

of mobile ions through the oxide. Depending on the migration rate of the involved Ti4+ 

and O2- ions, the oxide layer will form at the interface between metal and oxide (Eq.(2.5)), 

while fluoride ions will react with Ti or TiO2 to form water soluble [TiF6]2- species 

(Eq.(2.6) and Eq.(2.7)). The complexation will occur either with Ti4+ ions that are ejected 

at the oxide electrolyte interface (after migration through the oxide film, Eq.(2.6), or by 

chemical attack of the formed TiO2 (Eq.(2.7)). A competition between field-effect oxide 

formation and Ti4+ solvatization takes place and thereby leads to the self-organized 

process to grow nanoporous/ nanotubular oxide structures. Otherwise, another important 

reaction of fluoride ions occurs at the Ti/TiO2 interface. Under the high field, both of F- 

and O2- ions will migrate through the oxide to the Ti/TiO2 interface. Owing to their 

smaller size and the fluorides considerable faster migration rate through oxide lattices than 

O2- ions, some F- ions will accumulate at the metal/oxide interface and form a fluoride-rich 

layer.[155,156,200] This fluoride-rich layer will play an important role in the development of 

the further nanotubular morphology, and will be further discussed later. 

The initiation of the self-organized growth of TiO2 nanotube layers has been studied in 

several works.[157-159,99] A recent study on the anodization of masked thin titanium layers 

demonstrates the detailed investigation of the initial growth stages.[99] Fig.2.11 shows the 

typical I-t curve of self-organized growth of TiO2 nanotubes [28,30], which contains three 

stages (similar with the anodic porous Al2O3 systems). In stage I, the current density curve 

essentially follows the fluoride free case, and if samples are removed from the electrolyte 

a compact oxide layer is observed. In stage II, a current increase occurs and first irregular 

nanoscale pores are formed that penetrate the initial compact oxide (the current increases 

as the reactive area increases). In step III, the current drops again as a regular nanoporous 

or nanotubular layer forms.  
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Figure 2.11 Typical current-time (j-t) curves for the anodization of Ti in an electrolyte 

without (dashed) and with (solid) fluoride ions. This results in forming either compact 

oxide or porous/tubular oxide formation via the different morphological stages (I-III). The 

inset shows typical linear sweep j–U curves for different fluoride concentrations resulting 

in either electropolished metal (EP), compact oxide (CO), or pore/tube formation (PO) 

(Taken from Ref. [30]) . 

 

Depending on the competition between field effect oxide formation and fluoride ions 

etching, three different characteristics can be observed, as shown in the inset of 

Fig.2.11.[160] If the concentration of fluoride is too low to effectively etch the formed oxide 

or the strength of the electric field is too high, only a compact oxide (CO) layer can be 

obtained. In contrast, if the concentration of fluoride is too high or the strength of the 

electric field is low enough, electropolishing (EP) of the metal will take place. That is, all 

the Ti4+ formed immediately reacts with the abundant F- ions to form soluble [TiF6]2-. 

Only with intermediate fluoride concentrations, under suitable voltage, a competition 

between oxide formation and Ti4+ solvatization will take place and establish a 

self-organized process towards the formation of oxide nanoarchitectures.   

Once the initiation phase is overcome, the self-organized nanotube growth continues at 

a steady-state current density. Under steady-state conditions, the thickness of the 

nanotubular oxide layer depends linearly on the anodization time. However, with the tubes 

growing longer, the permanent thinning effect of the tube tops by chemical etching by 
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fluorides will become more apparent [84,158]. To a certain extent, it will induce the decrease 

of the length growth rate. Once the equilibrium state between tube formation at the bottom 

and chemical etching of TiO2 at the top (according to Eq. (2.7)) is established, the length 

of the formed nanotube will reach the limitation.  

In ordered to increase the maximum tube length, or in other words, to grow anodic 

oxide nanoarchitectures with high aspect ratio (which is highly desired for many 

applications), considerable effort has gone into optimizing this anodization process. For 

example, by using an NH4F containing buffered neutral electrolyte, Macak et al. 

succeeded in growing self-organized TiO2 nanotubes with a thickness of up to 2.5 μm.[36] 

Fig.2.12 shows SEM images of such a kind of TiO2 nanotubes and the key factors to 

achieve the high aspect ratio.  

 
Figure2.12 SEM images of the anodic TiO2 nanotube layer formed in 1 M (NH4)2SO4 / 

0.14 M NH4F at 20 V for 6 hour showing: (a) cross-sectional, (b) top and (c) bottom view.  

(d) Tuning of the electrochemical conditions to achieve high aspect ratio nanotube layers: 

the field-aided reactions occur at the tube bottom (left), the pH profile within a tube 

(middle) and dissolution rates (vdiss) along the tube wall (Taken from Ref. [36]). 

 

Apart from Ti, this dilute neutral fluoride electrolyte has also been used for the 

formation of high aspect ratio anodic oxide nanotubular/nanoporous layers on other metals, 
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such as Zr[40,42], Hf[46], Nb[52],Ta[54-56] and W[48,49]. However, as shown in Fig.1.3, this 

electrolyte has not yet been effective to form the analogous high aspect ratio 

nanoarchitectures on the Group V metals (such as Ta and Nb) and Group VI metals (such 

as W). On these metals, only irregular nanoporous oxide layers with thicknesses of less 

than 500 nm are obtained.  

In order to improve the geometries and structures of the anodic TiO2 nanotube as well 

as grow other MOx anodic 1D nanoarchitectures, further optimization of the anodization 

approaches or more advanced anodization approaches are needed. 
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2.5 Advanced anodization approaches in fluoride containing organic electrolytes  

One of the significant improvements of advanced anodization approaches is to use fluoride 

containing organic electrolytes. For example, on titanium, Macak et al. demonstrated that 

high aspect ratio, self-ordered anodic TiO2 nanotube arrays with smooth tube walls can be 

grown in glycerol based fluoride containing electrolytes.[37] Later on, it was reported that 

by using HF/ethylene glycol electrolyte, hexagonally self-ordered TiO2 nanotube layers 

can be grown to a thickness of several hundreds of micrometers.[38]  

Several other types of solvents, such as some polar aprotic solvents (DMSO [161,162] and 

DMF [163]) and ionic liquids [164], have also been attempted to form anodic TiO2 (and other 

metal oxide) nanotubes. However, no further remarkable enhancement are achieved. To 

date, ethylene glycol and glycerol are the widely used organic based electrolytes for 

fabricating anodic oxide nanotubular/nanoporous structures on Ti and other metals. 

Although the role of organic electrolytes in the anodization process has not been fully 

understood, it is supposed that the permanent chemical etching of the tube tops might be 

decreased and a long length from the tube/pore top (where the oxide is completely 

chemically “eaten” by fluorides) to the bottom (where the new oxide is formation) will be 

established during the anodization process in fluoride containing organic electrolytes. [30] 

As a result, anodic MOx nanotubes/nanopores with high aspect ratio can be obtained.  

Nevertheless, it is also of importance to note that even in the “pure” glycerol or ethylene 

glycol electrolyte, there are still remaining water traces (or absorbed moisture from the 

open air, due to the hygroscopy of the electrolytes). This small amount of water is needed 

and will play a key role in the anodization process. In case of the anodization of Ti in 

ethylene glycol/HF electrolyte, aging of the electrolyte is greatly beneficial for the 

formation of highly defined tubes, which may increase the [TiF6]2- content in the 
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electrolyte (reduced TiO2 dissolution) and lead to a steady water content in the 

electrolyte.[30]  

Apart from titanium, by using fluoride containing organic electrolytes the high aspect 

ratio, smooth nanotube layers have also been formed on Zr [41] and Hf [ 47], as well as some 

alloys, such as Ti-W[87] and Ti-Mo[88] alloys. Even on some non-valve metals, such as Fe, 

high aspect ratio oxide nanoarchitectures were recently reported [165-167]. It is noteworthy 

that depending on the specific metals (or alloys), the optimized electrochemical conditions 

such as the electrolyte (fluoride ions and water content) and the voltage are varied towards 

the formation of high aspect ratio, self-ordered anodic oxide nanoarchitectures.    

These metal effects can be ascribed to following factors: 1) the solubility of the formed 

oxide layers in the fluoride electrolyte affects the self-organized growth process; 2)  the 

solubility of the fluoride species (or any other sensitizer) at cell boundaries affects tube or 

pore morphology and the observation of sidewall ripples; 3) different Pilling-Bedworth 

ratios (the ratio of the volume of the oxide to the volume of the metal consumed, the 

expected expansion factor when metal is converted into oxide[168]) that affect generated 

stress during anodic oxidation of the metal and therefore also the adhesion of the tube 

layer to the substrate and/or the tube length[30]. 

Regarding the metal effects on the self-organization process, an interesting phenomenon 

deserves to be pointed out. That is, although the anodic nanopores and nanotubes 

(obtained on Al and Ti, respectively) seem considerably different, in fact, both of them are 

grown based on the essentially same self-organization process. Furthermore, a detailed 

observation on anodic TiO2 nanotube layers also suggested that at the bottom or near the 

bottom of the TiO2 nanotubes (see Fig.2.13a), a compact hexagonal porous oxide 

morphology (identical to porous alumina) is present without splitting into individual 

tubes.[30,169]  
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Figure 2.13 a) SEM bottom view of a TiO2 nanotube layer cracked off from the metal 

substrate at a slight angle. b) Transition from a porous to tubular structure on Ti-54Al 

alloys(left to right). c) Representation of the formation of a tubular morphology from an 

originally porous morphology by selective dissolution of fluoride-rich layers and 

preferential etching at triple points by H2O in the electrolyte.(Taken from the Ref. [30]) 

 
Several studies carried out on Ti-Al alloys (containing both typical tube formation and 

pore formation metals) revealed that, depending on the adjusted electrochemical 

conditions, anodic oxide nanostructures with a transition from a porous to a tubular 

structure can be achieved ,as shown in Fig.2.13b.[89,90]  These findings can 

phenomenologically be explained by the fact that during growth of the oxide (supported 

by plastic flow), an accumulation of fluorides takes place at cell boundaries (schematically 

shown in Fig.2.13c). In case of Ti, due to the high solubility of Ti-F or Ti-O-F compounds 

in aqueous media (whereas Al-F species are much less soluble [170]), this fluoride rich layer 

is sensitized and prone to chemical dissolution in water. Thus, this selective chemical 

dissolution of the fluoride rich layer etches out the anodic TiO2 cell boundaries and leads 

to individual tube shape.  

Moreover, via the advanced anodization approaches the similar transition phenomena 
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from nanopores to nanotubes are also observed on some pristine metals such as Zr and 

Hf.[41,47] In each case, a critical parameter affecting the anodic oxide morphology (distinct 

pores or tubes, or even transitional states) is the H2O content in the organic electrolyte. 

Even for Al, under specific conditions selective cell boundary etching and formation of 

nanotube layers were observed.[191,197,199]   
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2.6 Some applications of self-organized anodic oxide 1D nanoarchitectures   

Applications of anodic oxide 1D nanoarchitectures usually involve the exploitation of 

some unique feature of the transition metal oxide (electronic, optic, ionic, chemical or 

biocompatibility properties) and a significant enhancement of some reaction or transport 

rates that is obtained by using small scale dimensions (such as large surface area, short 

diffusion path or size confinement effects). Using nanotubular/nanoporous assemblies also 

provides a dimensionality to the system. Tubes and pores grown on a metal substrate are 

vertically aligned to a back contact; that is, a direction for charge transfer towards the 

electrode is established. [30]  

For example, due to their excellent biocompatibility, titanium and titanium alloys have 

been widely used in orthopaedics or in dentistry.[171,172] Recently, several studies have 

reported that titanium substrates coated with TiO2 nanotubular layers show a significant 

size-effect on cell-stimulation. It has be demonstrated on several cells, such as 

mesenchymal stem cells [113], hematopoietic stem cells [114], endothelial cells [ 173 ], 

osteoblasts and osteoclasts [174] , that the TiO2 nanotubes with the diameter of about 15 nm 

will strongly promote cell adhesion, proliferation and differentiation. However, tube layers 

with a diameter of about 100 nm were found to be detrimental, as they induce 

programmed cell death (apoptosis). In general, a straightforward explanation for this effect 

is that integrin clustering in the cell membrane leads to a focal adhesion complex with a 

size of about 10 nm in diameter, and this in turn leads to an excellent geometrical fit 

onto/into the tube openings of about 15 nm. [113] 

On the other hand, several transition metal oxides, such as WO3, Nb2O5, and TiO2, 

provide an excellent host lattice for ion intercalation devices, for example, lithium ion 

batteries or electrochromic devices. [175,176] These devices rely on a reversible uptake of 

small ions such  as H+ and Li+ into interstitial positions of the metal oxide upon applying 
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and releasing an electric field. For some transition metal oxides, ion uptake and release are 

frequently combined with a change in the redox state and a resulting change in the 

electronic and optical properties of the material. For example, lithium ion intercalation 

into TiO2 is accompanied with reduction of Ti4+ of the lattice to Ti3+ and leads to a color 

change of the material. The kinetics and magnitude of proton or lithium ion insertion as 

well as the reversibility of the electrochromic reaction (contrast) are controlled by the 

solid-state diffusion/migration of the incorporated species.[30] The 1D nanoarchitectures, 

such as nanotube arrays, can provide a short solid-state diffusion path and a vertically 

aligned architecture, and therefore they show a much higher electrochromic effect (optical 

contrast and switching speed) and are more stable than nanoparticle layers.[105-108]   

Another major part of functional transition metal oxide (particularly TiO2) applications 

is based on their semiconducting properties and the use of nanostructured TiO2 features, 

such as their large surface area and short diffusion path. Under light irradiation (with an 

energy exceeding the semiconductor band gap energy Eg), electron-hole couples can be 

generated in the semiconductor. The key use of this charge carrier generation can be in 

solar cells [177] or particularly in photocatalysis [178,179,183] , due to the very strong oxidizing 

power and suitable band positions of TiO2. The investigation of photocatalysis based on 

semiconductors was pioneered by Fujishima and Honda. In 1972, the UV light-induced 

water splitting on TiO2 surfaces was observed for the first time [179]. This finding gave rise 

to novel approaches in heterogeneous catalysis, using the TiO2 ability to decompose 

organic pollutions in wastewater treatments, and self-cleaning applications [180] as well as 

for anti-fogging applications [181] (e.g. coating for windshields). Within this work, we will 

attempt to drastically enhance the photocatalytic properties of TiO2 by combining the 

nanotubular structures with heterojunctions structures in the tube wall.  
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Fig.2.14 shows the principle of the photocatalytic decomposition of organic waste on a 

TiO2 surface. Photons from a light source that have sufficient energy (> Eg of TiO2) excite 

electrons from the valence band to the conduction band and charge-carrier pairs, 

consisting of a hole h+ and electron e-, are formed.[183] These charge carriers either 

recombine inside the particle or migrate to its surface, where they can react with adsorbed 

molecules. In aqueous solutions, positively charged valence-band holes typically form 

hydroxyl radicals, OH·, while electrons in the conduction band mainly reduce dissolved 

molecular oxygen to superoxide O2
-· radical anions. Organic molecules present in the 

solution may react with these oxidizing agents inducing their oxidative degradation to 

small inorganic compounds including carbon dioxide and water.[182]  

 
Figure 2.14 Principle of the heterogeneous photocatalysis on the TiO2 nanoparticles 

surface (according to Ref. [183]). 

 

In order to achieve a maximum decomposition efficiency, except for adequate 

band-edge positions, rapid charge separation and high quantum yields, a large catalyst area 

is desired. Therefore, for pollution control, self-cleaning and antifogging applications, 

nanopowders (such as the commercial Degussa P25 TiO2 nanopowders) or nanoporous 

films (or nanoparticle suspensions) are mainly used. It is reported recently that annealed 

TiO2 nanotubes with high aspect ratio show much higher decomposition efficiency than 
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the same amount of a compacted Degussa P25 nanopowder layer (with a diameter of 

20–30 nm diameter) under the same conditions (see Fig.2.15b).[109] 

    
Figure 2.15 a) XRD patterns of 2.5 μm thick layers of as-prepared tubes (1), tubes 

annealed for 3 hour at (2) 450 °C, (3) 550 °C and (4) P25 ( A: anatase, R: rutile, Ti: 

titanium). b) Comparison of photocatalytic decomposition rates of AO7 of all structures in 

(a). (Taken from Ref.[109]) . 

 
It is noteworthy that for semiconductors, such as TiO2, their photocatalytic and many 

other properties are strongly depending on their crystalline structures. The obtained anodic 

1D metal oxide nanostructures, after electrochemical self-organized formation, are in 

principal amorphous. However, after a post annealing treatment, they can be easily 

converted into crystallized structures. For example, an as-formed TiO2 nanotube can be 

transformed into anatase (ca.300-500°C) or rutile (>550°C) by a thermal treatment in air. 

Post annealing treatments are of critical importance for TiO2 nanotube arrays’ 

photocatalytic efficiencies. As shown in Fig.2.15b, the as-formed TiO2 nanotube arrays 

have a lower decomposition rate than the commercial P25 TiO2 nanopowders.  
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3 EXPERIMENTAL AND METHODS  

3.1 Samples Preparation  

3.1.1 Metal foils  

Ta foils (annealed, purity of 99.9% )and Ti foils (annealed, purity of 99.6+%) for 

anodization were purchased from Goodfellow or Advent with a size of 

150×150×0.125 mm. A mechanically rolled Ti-Ta alloy thin film (with 19 at. % of Ta, 

purity of 99.8%) was obtained from Hauner Metallische Werkstoffe (Roettenbach, 

Germany) with a size of 100×50×0.01mm.  

Prior to anodization treatments, these foils were cut into 15mm×15mm pieces. 

Afterwards, the samples were degreased by sonication in acetone, isopropanol and ethanol 

respectively and then rinsed with deionized (DI) water and dried under a nitrogen stream. 

 

3.1.2 Polished bulk metal sheets 

The data of the bulk metals of Ta sheet and Ti-Ta alloys are listed in Table3.1. 

Table3.1 The used bulk metal 

Materials Size Purity Producer 
Pure Ta sheets 

(annealed) 
25×25×2.0mm 99.9% Goodfellow(England) 

Ti-19Ta alloy 
(with 19 at.% of Ta)  

10×10×1.0mm 99.9% UJP Praha  
(Prag, Czech Republic) 

Ti-Ta alloys 
(with 10, 40 at.% Ta) 

10×10×1.0mm 99.8% GKSS Forschungszentrum 
(Geesthacht, Germany) 

 

Prior to anodization treatments, these metal plates were pretreated by grinding with SiC 

abrasive paper and subsequently polished using suspensions of 1 μm diamond and 0.6 μm 

colloidal silica to obtain a mirror surface. Afterwards, these samples were also degreased 

by sonication in acetone, isopropanol and ethanol respectively and then rinsed with DI 

water and dried under a nitrogen stream. 
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3.1.3 Sputtered metallic thin films  

Sputtered metallic thin films were obtained from PT&B Plasma technologies (Magdeburg, 

Germany). The sputtered thin films were deposited on 0.05 mm thick Al foils (15 cm×15 

cm, 99.7% purity, Advent) or on 100 mm diameter boron-doped p-type single crystal Si 

wafers (with a resistivity of 1-10 ohm cm) of (100) orientation. The thin film deposition 

process was performed in a STARON 60-80 sputtering apparatus equipped with four 

6-inch magnetron sources. Prior to deposition, the sputtering chamber was pumped down 

to a base vacuum of the order of 10-4 Pa. Substrates of crystalline silicon were preheated to 

200 ºC and pre-cleaned by sputter-etching. Deposition was performed in a sputtering 

down geometry and a dynamic modus with the substrate holder rotated at 1 rpm.  

To sputter Ti-19Ta alloy thin films, the targets used were Ti-19Ta alloys of 99.9 % 

purity. Sputtering gas was argon of 5N purity. The sputtering pressure was set to 0.4 Pa at 

an argon flow of 65 sccm. The target to substrate distance was to 80 mm. The sputtering 

power was 600 W DC. The total thickness of the sputtered layer was approx.1 µm.  

In case of the sputtered Ti/Ta multilayers, the targets used were Titanium and Tantalum 

of 99.95 % purity. The sputtering gas was argon of 5N purity. The sputtering pressure was 

set to 0.6 Pa under an argon flow of 65 sccm. The target to substrate distance amounted to 

80 mm. The sputtering power for both magnetrons was 720 W DC each. The total 

sputtered Ti/Ta multilayers were approx.1 µm thick, consisting of approx. 100 alternating 

Ti/Ta layers, each of 7.5 nm (or 2 nm) thick Ti and 2 nm thick Ta.  

Prior to the anodization processes, the sputtered metallic thin film were cut in 1.5×1.5 

cm2 pieces and sonicated in acetone and ethanol successively, followed by rinsing with DI 

water and drying of the samples in a nitrogen stream. 

 

 



 43

3.1.4 Involved chemicals  

All electrolytes were prepared from reagent grade chemicals. The exact compositions of 

the electrolyte used in experiments will be specified in the RESULTS AND 

DISCUSSION section. Table3.2 lists all the individual chemicals employed in the work, 

with their purities and their manufacturers.  

 

Table3.2 The chemicals used for making electrolyte 

Name Formula Purity manufacturer 

Ammonium fluoride NH4F ACS reagent,≥
98.0% 

Fluka 

Hydrofluoric acid HF puriss. p.a., ≥40% Merck 

Ammonium sulfate (NH4)2SO4 puriss. ≥98% Sigma-Aldrich 
Ethylene glycol C2H6O2 puriss. p.a., ≥

99.5%   
with H2O ≤0.1%  

Fluka 

Ethylene glycol, 
anhydrous 

C2H6O2 anhydrous ,99.8%, 
  with H2O <0.003 

%  

Sigma-Aldrich 

Glycerol C3H8O3 purum,≥98.0% 
(GC) 

with H2O≤0.5% 

Fluka 

Sulfuric acid H2SO4  ACS reagent, 95.0 – 
98.0 %, 

 

Sigma-Aldrich 

 

 

 

 

 

 

 

 

 



 44

3.2 Anodic formation of self-organized transition metal oxide 1D nanoarchitectures  

3.2.1 Anodic formation of metal oxide nanoporous/nanotubular structures 

For anodization experiments, a conventional three-electrode system with an 

electrochemical cell (made of poly-vinyl-chloride, resistant to the fluoride etching) was used. 

The setup of the anodization is illustrated in Fig.3.1. Samples were contacted with a Cu 

back-plate and then pressed against an O-ring (made of polytetrafluoroethylene) in the 

bottom of the electrochemical cell, leaving 1 cm2 exposed to the electrolyte.  

In case of the samples with a Si substrate, ohmic contact on the back side was achieved 

using Ga–In alloy. A platinum flag served as the counter electrode and a platinum wire 

electrode or Ag/AgCl (3M KCl) electrode as reference electrode. Electrochemical 

experiments were carried out using a high-voltage potentiostat Jaissle IMP 88 PC 

connected to a digital multimode (Keithley 2000) that is interfaced to a computer.  

 
Figure 3.1 Scheme of the electrochemical setup for the anodization process 

 

Aqueous and non-aqueous fluoride-containing electrolytes were used to form anodic 

nanostructures on the metal substrates. The potential was ramped from the open circuit 

potential (UOCP) to the target potential with a certain sweep rate, followed by holding these 

potentials for a designated time. The experiments were carried out at room temperature, if 

not denoted otherwise. After the anodization, the samples were rinsed in ethanol or DI 

water and finally dried in a nitrogen stream.  
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3.2.2 Anodization of Ti in the glove box  

Some anodization experiments were performed in a dry glove box (MBraun inert-gas 

glove box containing an atmosphere of purified N2, as shown in Fig.3.2). The moisture 

and oxygen level in the glove box were monitored and maintained less than 0.6 ppm. The 

used electrolytes were prepared from highly anhydrous ethylene glycol (99.8% purity, 

<0.003% water content ) with different amounts of NH4F (0.025 M, 0.05 M, 0.1 M, 0.2 

M), and additives of different volume% of DI water (0, 0.3%, 0.5%, 0.7%, vol.).  

 
Figure3.2 Photo image of the glove box used 

 

A two-electrode system was used in the anodization experiments with a platinum flag as 

the counter electrode and the Ti foil as the working electrode. Anodization was carried out 

with a DC power source at room temperature, by sweeping the potential from 0 to 20 V 

with a rate of 100mV/s, followed by holding the potential at 20 V for 4 hours. After 

preparation, the samples were rinsed with acetone, taken out of the glove box, and then 

dried in air. 
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3.3 Characterization of the formed anodic oxide 1D nanostructures 

3.3.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)  

The morphology of the formed nanostructured layers was characterized using a 

field-emission scanning electron microscope (Hitachi FE-SEM S4800). Cross-sectional 

view and thickness measurements were carried out directly on mechanically scratched 

samples. Additionally, an EDX (EDAX Genesis, fitted to the SEM chamber) analysis was 

used for composition and chemical analysis. 

 

 

3.3.2 X-Ray Diffraction (XRD)   

X-ray diffractometry (XRD) was employed for the crystalline structural characterization 

of the as-formed/annealed anodic oxide layers at a grazing angle of 10, using a X-ray 

diffractometer (Philips X’pert MPD PW3040 with a Panalytical X’celerator detector) with 

graphite monochromized Cu Kα radiation (wavelength 1.54056 Å). 

 

 

3.3.3 X-ray Photoelectron Spectroscopy (XPS)  

Characterization of the chemical composition of the formed nanostructured layers was 

carried out using an X-ray photoelectron spectroscopy (XPS, PHI 5600), using Al 2 mm 

Kα monochromatic radiation (1486.6 eV; 300 W) as the exciting source. The binding 

energy of the target elements (Ti 2p, Ta 4f, O 1s, F 1s , etc.) was determined at a pass 

energy of 23.5 eV, with a measurement resolution of 0.1 eV, using the binding energy of 

carbon (C1s: 284.8 eV) as the reference. 
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XPS depth sputtering profiles were carried out by Ar+ ion sputtering at an accelerating 

energy of 3.5 kV, with a sputtering rate 10 nm min-1 (or 17 nm min-1, depending on the 

materials). The vacuum pressure during measurements was less than 10-8 Torr. 

 

 

3.3.4 Transmission Electron Microscopy (TEM)  

Transmission electron microscopy (TEM) was employed for the morphological and 

structural characterization of the as-formed/annealed anodic oxide nanotubular layers. The 

TEM specimens were prepared by grinding, polishing and ion milling in cross section 

geometry. The TEM investigations were carried out using a FEI Titan
3 
80-300 microscope 

equipped with an image-side Cs-corrector, at an acceleration voltage of 300 kV. For the 

EDX analysis, an EDAX detector attached to the Titan
3 
80-300 column was employed. 

 

 

3.3.5 Raman Spectroscopy measurement (Raman) 

Raman spectra of the as-formed and annealed anodic oxide samples were measured at 

room temperature on a Horiba Jobin-Yvon Aramis confocal Raman microscope equipped 

with an automated XYZ-table, using laser excitation at a wavelength of 532 nm. For the 

Raman spectra of the anatase TiO2 phase, the Eg mode around 144 cm-2 was used.  
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3.4 Photocatalytic properties of the formed anodic oxide nanoarchitectures 

3.4.1 Thermal treatment of the formed anodic oxide layers  

In order to crystallize the obtained anodic oxide nanostructured layers, subsequent to 

anodization, some samples were thermally annealed in a quartz glass tube furnace at 

temperatures in the range of 450°C ~750°C, in air or with a continuous N2 flux with the 

rate of 100 ml min-1 for several hours (1 hour to 24 hours). 

 

 

3.4.2 Photocatalytic experiments  

Photocatalytic performance of the annealed anodic oxide layers was evaluated by 

photocatalytic degradation of a 10 µM aqueous crystal violet (C25H30ClN3) solution under 

UV laser irradiation (λ = 266 nm, Iintensity =60 mW cm-2) with constant stirring. Prior to the 

UV irradiation, each sample was immersed in the solution for 2 hours to establish the dye 

adsorption/desorption equilibrium on the sample’s surface. After the concentration of the 

crystal violet solution in the dark became steady (which was confirmed by no further 

change of the absorbance of the crystal violet solution at λ = 597 nm), the UV irradiation 

of the samples was started, while agitating the solution using a magnetic stirrer. In order to 

measure the decomposition rate of the dye, the absorbance of the testing solutions was 

measured periodically every 10 min using a UV/Vis spectrometer (Lambda XLS+; 

PerkinElmer) at λ = 597 nm. 
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4 RESULTS AND DISCUSSION  

4.1 Anodic formation of self-organized oxide 1D nanoarchitectures on Ta and Ti  

4.1.1 Anodic formation of high aspect ratio nanoporous Ta2O5 layers  

Due to the excellent dielectric property and corrosion resistance of Ta2O5, anodization of 

tantalum has been intensively studied for several decades [184,122,185,123]. Nevertheless, the 

main interest of a large body of previous work was to grow uniform barrier-type compact 

Ta2O5 layers. Even by anodization of Ta in corrosive electrolytes (e.g. H2SO4, H3PO4, and 

NaOH solutions) at potentials up to 200 V (below the dielectric breakdown potential), 

usually compact anodic Ta2O5 layers with thicknesses of less than 300 nm are obtained.  

Recently, anodic porous Ta2O5 layers have been achieved by using the electrochemical 

self-organized approach in fluoride containing electrolytes.[54-56] However, the obtained 

anodic porous oxide layer has a low aspect ratio and the arrangement of nanopores are not 

really ordered. An example of such irregular anodic porous Ta2O5 layers is exhibited in 

Fig.4.1.1, which is formed by anodization of Ta in the 1M (NH4)2SO4 and 0.8M HF 

containing electrolyte at 60 V for 3 hours. As shown in Fig.4.1.1, a disordered anodic 

porous Ta2O5 layer with an average pore diameter of 35 nm and a thickness of approx. 540 

nm is formed. Moreover, even within the long-term anodization process, the thickness of 

this anodic nanoporous layer could hardly exceed 1 µm. Fig.4.1.1d shows the SEM image 

of the anodic Ta2O5 layer formed under the same condition, but with the extended 

anodization time, i.e., 15 hours. It is evident that the obtained anodic oxide layer shown in 

Fig.4.1.1d consists of several discontinuous multilayers, which will hinder the 

applications of the nanoporous Ta2O5 layer. Although the total anodic oxide layer is 

several micrometer thick, the thickness of the continuous nanoporous layer is less than 

500 nm. The corresponding current density-time curve shown in Fig.4.1.1c also indicates 

that the anodization process is far from being a well-established self-organization process. 
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Hence, this section will deal with the formation of anodic nanoporous Ta2O5 layers with 

high aspect ratio by using advanced anodization approaches. 

 
 Figure 4.1.1 SEM images of anodic Ta2O5 film formed in a 1 M (NH4)2SO4 and 0.8 M 

HF containing electrolyte at 60 V for 3 hours, showing (a) top and (b) cross-sectional view. 

(c) current density-time curve recorded during the anodization process. (d) SEM 

cross-sectional image of the oxide film formed in 15 hour anodization process under the 

same condition. 

 

Various fluoride containing aqueous and organic electrolytes have been used to anodize 

Ta. Fig.4.1.2a exhibits the current density-time curves of anodization of Ta in several 0.5 

M NH4F (or HF) containing electrolytes at 20 V. As shown in Fig.4.1.2a, in case of the 

aqueous electrolytes or electrolytes containing some water (e.g., the 0.5 M HF containing 

glycerol electrolyte includes approx. 1.5 vol. % H2O), the current density decays rapidly 

and only a thin anodic oxide layer can be obtained. For the 0.5 M NH4F containing 

ethylene glycol electrolyte, the corresponding current density is extremely high and shows 

strong oscillations, which reveals the loss of self-organization or occurrence of breakdown 
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events during the anodization process. Only in the 0.5 M NH4F containing glycerol 

electrolyte a initial high current followed with a steady decay is observed, which may 

indicate the establishment of a self-organized oxide growth process and the formation of a 

new type of anodic oxide layer. The SEM image shown in Fig.4.1.2b further confirms that 

a self-organized nanoporous Ta2O5 layer with a thickness of 9.7 µm can be obtained by 

anodization of Ta in the 0.5 M NH4F containing glycerol electrolyte at 20 V for 3 hours. 

Thus, this NH4F containing glycerol electrolyte is selected for further investigations and 

optimizations. 

 
Figure 4.1.2 a) Current density-time curves recorded during anodization of Ta in various 

0.5 M NH4F (or HF) containing electrolytes at 20 V for 3 hours. b) SEM cross-sectional 

view (The inset shows the top view) of anodic film formed by anodization of Ta in the 0.5 

M NH4F containing glycerol electrolyte at 20 V for 3 hours.  

 

Fig.4.1.3 shows SEM images of an anodic oxide layer grown on Ta by anodization in 

the 0.2 M NH4F containing glycerol electrolyte with an applied voltage of 20 V for 3 

hours. From Fig.4.1.3 it is evident that the formed Ta2O5 layer contains nanopores 

(nanochannels) that are parallel to each other and perpendicular to the substrate, with an 

average pore diameter of approx. 17 nm. The thickness of this nanoporous Ta2O5 layer is 

approx.16 μm (Fig.4.1.3c), which is more than 15 times thicker than previously reported 

nanoporous Ta2O5 layers formed in aqueous HF containing electrolytes [54,55]. 



 52

 
Figure 4.1.3 SEM images of anodic nanoporous Ta2O5 film formed in the 0.2 M NH4F 

containing glycerol electrolyte during 3 h anodization at 20 V showing (a) top, (b) bottom, 

(c) cross-sectional and (d) magnified cross-sectional views. 

 

A systematic set of anodization experiments was carried out in order to investigate the 

influence of the applied voltage on the morphology and dimensions of the formed anodic 

oxide layers. Fig.4.1.4a shows the dependence of the average pore diameter and thickness 

of the formed layers on the applied voltage in the range of 10 V to 50 V in 0.2 M NH4F 

containing glycerol electrolytes for 3 hours. It is clear that the pore diameter of the formed 

anodic oxide layers shows an almost linear dependence on the applied voltage, from 

approx. 13 nm at 10 V to approx. 40 nm at 50 V, with linear coefficient of 0.64 nm V-1. At 

voltages higher than 50 V, breakdown events occur and no regular porous structures are 

obtained. 

In contrast to the pore diameter, the thickness of the porous Ta2O5 layers does not 

increase linearly with the applied voltage. As shown in Fig.4.1.4a, the thickness of the 

porous oxide film first increases steeply from about 5.9 μm at 10 V, to 15.7 μm at 20 V, 
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followed by a sharp decrease; this might be due to partial disbonding of layers at this 

potential that will be discussed later.  

 
Figure 4.1.4 (a) The average pore diameter (triangles) and the thickness (squares) of 

formed porous Ta2O5 layers as a function of the applied voltage in the glycerol/0.2 M 

NH4F electrolyte. The insets show SEM images of anodic oxide layer formed at 50 V; (b) 

current density-time curves recorded during anodization of Ta in glycerol/0.2 M NH4F 

electrolytes under different potentials ranging from 10 V to 50 V. 

 

Fig.4.1.4b shows the current density-time curves recorded during anodization of Ta at 

different applied voltages. Typically, the current density decreases gradually in the initial 

period, and then slowly reaches a steady value which is voltage-dependent. As the 

steady-state current reflects the oxide growth rate into the underneath metal (0.1mA 

corresponds to a rate of 27 nm min-1), one would expect thicker oxide with the increasing 

current density. 

However, it was observed that if the applied voltage (and the resulting current) is too 

high, only relatively rough and loosely-connected layers are formed, as shown in the inset 

of Fig.4.1.4a. In fact, the observed oxide thickness in Fig.4.1.4a at voltages higher than 

20 V represents only a part of the formed oxide as the low adherence leads to a loss 

(disbonding) of the structures during anodization. In other words, even though the 

steady-state current density at high voltage is comparably high with a high anodic oxide 

formation rate, the thickness of the adhered part of the porous layer remains limited to a 
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few micrometers. 

 

 
Figure 4.1.5 a) Current density-time curves recorded during anodization of Ta at 20 V in 

glycerol electrolyte with different amounts of NH4F. b) The average pore diameter 

(triangles) and the thickness (squares) of porous Ta2O5 layers formed in (a). c) SEM 

cross-sectional images (The insets show the top views) of anodic porous layers formed in 

glycerol electrolyte with 0.1, 0.3 and 0.5 M NH4F 

 

To investigate the effect of the fluoride concentration on the formation of nanoporous 

Ta2O5 layers, a set of anodization experiments was performed in glycerol electrolytes with 

different NH4F concentrations ranging from 0.1 M to 0.5 M with a constant applied 

potential of 20 V. The corresponding current density vs. time behaviors are shown in 

Fig.4.1.5a. Apparently, a higher fluoride concentration leads to an increased current 
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density. The SEM images shown in Fig.4.1.5c demonstrate that anodic nanoporous Ta2O5 

layers with thicknesses of approx. 10 μm and different pore diameters can be obtained in 

electrolytes with different fluoride contents. The dependencies of the average pore 

diameter and the thickness of the formed porous layers on the NH4F concentration are 

summarized in Fig.4.1.5b. The pore diameter increases almost linearly with the NH4F 

concentration, ranging from 12.2 nm with 0.1 M NH4F to 27.2 nm with 0.5 M NH4F. A 

possible reason may be that the chemical dissolution by fluoride ions is concentration 

dependent and therefore an enhanced pore wall etching takes place with high 

concentration NH4F and a large pore diameter is observed.  

Interestingly, according to the current density-time curves shown in Fig.4.1.5a, 

although the peak values of the current densities increase with NH4F concentration, after 3 

hour anodization the steady-state current densities with NH4F concentration above 0.3 M 

are nearly the same. This can be ascribed to the fact that the established self-organized 

oxide growth process may be controlled by diffusion processes, in analogy with the anodic 

TiO2 nanotube case [158].  

Due to the great differences of anodization of Ta in the glycerol/NH4F electrolyte and 

other fluoride containing electrolytes with some water, a set of anodization experiments 

was carried out to particularly explore the water content effect on the anodization of Ta, 

by gradually adding small amounts of H2O into the 0.2 M NH4F containing glycerol 

electrolyte. From SEM images (Fig.4.1.6a) and corresponding current density-time curves 

(Fig.4.1.6b), a striking effect could be observed when adding 1 ml of additional H2O into 

200 ml of the 0.2 M NH4F containing glycerol electrolyte. The current density drops 

sharply and only a 138 nm thick apparently compact oxide film is formed. Further 

addition of water results in a compact layer that becomes even thinner.  
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Figure 4.1.6 (a) SEM cross-sectional images of anodic Ta2O5 layers formed in the 0.2 M 

NH4F containing glycerol electrolyte with different amounts of additional water at 20 V 

for 3 h anodization. (b) Current density-time curves recorded during (a) 

 

Although the mechanism of the water effect on the formation of anodic Ta2O5 layers is 

not fully elaborated, it is evident from the experiments that addition of water promotes the 

formation of compact oxide layers, i.e. plays the role as a “passivator”. In fact, with 

addition of 10 ml H2O the thickness of the layer is comparable to the anodic oxide layers 

formed in an aqueous 0.2 M NH4F containing electrolyte at the same voltage [123].  

Overall, by using the NH4F containing glycerol electrolyte, high aspect ratio anodic 

nanoporous Ta2O5 layers can be obtained. By tuning the electrochemical conditions (such 

as potential, fluoride content, and water content), the pore diameter of the anodic 

nanoporous layer can be varied within a range of 10-40 nm and the thickness between 4 

and16 μm.  
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4.1.2 Anodic formation of large-area self-ordered nanoporous Ta2O5 layers  

Although previous work has shown the feasibility to grow anodic nanoporous Ta2O5 

layers with high aspect ratio by using NH4F containing glycerol electrolytes[186], still a 

main challenge for self-ordered pore formation on Ta is to achieve a long-range order, that 

is a controlled uniform structure over large regions of an anodized area. In previous 

section, the pore diameters of the obtained anodic nanoporous Ta2O5 layers show 

considerable variations and a branching of the pore structure occurs. These morphologies 

may be associated with a non-ideal electrolyte or non-ideal anodization conditions. 

Therefore, in this section we will further optimize the fluoride containing organic 

electrolytes to achieve a substantial increase in the regularity of long-range ordering of the 

formed nanoporous layer and a significantly increased control over the pore growth 

process. 

In previous studies, for anodization of Ti in fluoride-containing organic electrolytes, 

ethylene glycol and glycerol are two electrolytes that are widely used to form well defined 

TiO2 nanotubes [36,169]. However, if these electrolytes are used for the anodization of Ta, 

only partially ordered nanoporous layers are typically obtained. 

Fig.4.1.7a-e show SEM images of the surface morphology of the anodic Ta2O5 layers 

formed in various 0.2 M NH4F containing organic electrolytes: a)glycerol, e)ethylene 

glycol, and mixtures of the two electrolytes at different ratios (b-d). From the top view, it 

is apparent that nanoporous layers can be formed in all electrolytes expect for the NH4F 

containing ‘pure’ ethylene glycol electrolyte. This might be associated with the different 

physical/chemical properties of these two chemicals, e.g., the viscosity difference between 

ethylene glycol and glycerol, or the different water contents of these electrolytes, i.e., 0.1 

vol.% H2O in ethylene glycol and 0.5 vol.% H2O in glycerol. Fig.4.1.7f shows the current 

behavior during the anodization process for the different electrolytes. Clearly, the addition 
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of ethylene glycol to glycerol changes the overall current density obtained during the 

anodization process.  

  

  

  
Figure 4.1.7 (a)-(e) SEM top-views of the Ta2O5 film formed by anodization of Ta in the 

0.2 M NH4F containing electrolyte of (a) glycerol, (b) ethylene glycol (5 vol. %)/ glycerol, 

(c) ethylene glycol (10 vol.%)/glycerol, (d) ethylene glycol (20 vol. %) /glycerol, (e) 

ethylene glycol, (f) corresponding current transient recorded of anodization of Ta in (a)-(e) 

 

A typical current-time behavior that leads to successful self-ordered pore formation is 

expected to show a current decay, followed by a maximum and a plateau, such as obtained 

for intermediate glycerol contents. Probably the most important stage for the final shape 

and dimension of the layers is the last stage represented by the leveling of the current 
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density that essentially represents the establishment of a dynamic equilibrium between 

field-aided oxide formation and field-aided oxide dissolution (due to the fluoride anions in 

the electrolyte).In Fig.4.1.7, the anodic nanoporous layers formed in NH4F/glycerol show 

the highest degree of ordering of the obtained nanostructures ,but they are still 

considerably far from an ideal ordering. Furthermore, these layers do not adhere well to 

the Ta substrate, which is detrimental for many applications. Overall, the nanoporous 

layers formed in the electrolyte with 5 vol. % of ethylene glycol in glycerol yield 

satisfying results in terms of adhesion but still high ordering is not achieved yet. Hence, 

this NH4F containing mixed ethylene glycol (5 vol. %) / glycerol electrolyte was selected 

for further investigations and optimization.  

Fig.4.1.8a-d show SEM images of a series of anodic Ta2O5 layers formed in 0.2 M 

NH4F containing mixed ethylene glycol (5 vol. %) / glycerol electrolyte with four different 

concentration levels of background (NH4)2SO4 electrolyte - ranging from 0 M to 0.15 M 

(0.15M represents the solubility limit). From the SEM top and cross-sectional views, an 

increasing (NH4)2SO4 concentration leads to distinct changes in the morphology of the 

anodic porous layers. Most remarkably not only the regularity of the pore (channel) 

arrangement is enhanced by adding the (NH4)2SO4 but also branching within the pore 

structure is increasingly suppressed. Fig.4.1.8e shows the current transients recorded 

during these anodization procedures. As shown in Fig.4.1.8e, the current density increases 

with increasing (NH4)2SO4 concentration in the electrolyte. This might be attributed to an 

enhanced conductivity of the electrolyte.  
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Figure 4.1.8 SEM top-views of the anodic Ta2O5 nanoporous films grown in 0.2 M NH4F 

containing ethylene glycol (5 vol. %)/ glycerol electrolytes at 20 V with different amounts 

of (NH4)2SO4: (a) 0 M ,(b)0.05 M, (c) 0.05 M and (d) 0.15 M. The insets show 

cross-sectional views. (e) Current transient recorded during anodization of Ta in (a)-(d) 

 

The rate of the increase in the current density between each electrolyte used in Fig.4.1.8 

fits very well with the rate of the conductivity increase of Table 4.1.1. For example, there 

is approximately 60% increase of the current density (after 3 hours) as well as the 

electrolyte conductivity between those electrolytes containing 0 and 0.15 M (NH4)2SO4. It 

should be noted that pure organic electrolytes (such as the one used here consisting of 

ethylene glycol /glycerol mixtures), when compared to aqueous electrolytes, have apart 
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from a higher viscosity also a much lower conductivity. 

Table 4.1.1 The conductivity of the used electrolytes  

 

This feature may contribute to the electric field distribution during the anodization 

process. Although the reasons for the changes in the degree of order are not fully clear, it 

is evident from the results of Fig.4.1.8 that addition of (NH4)2SO4 as a background 

electrolyte is highly beneficial to the regularity of the Ta2O5 nanoporous layers.  

For electrolytes with an optimized (NH4)2SO4 concentration, the influence of the 

concentration of NH4F on the morphology of the formed porous layers and the 

electrochemical behavior were further investigated. Fig.4.1.9a-d show a sequence of SEM 

images taken from the samples anodized in the electrolyte consisting of glycerol / ethylene 

glycol (5 vol. %) / 0.15 M (NH4)2SO4 with different NH4F concentrations ranging from 

0.1 M to 0.4 M. As it can be seen, over this relatively broad range of NH4F concentrations, 

comparably regular nanoporous Ta2O5 layers were grown over a large area.  

Fig.4.1.9e shows the effect of the fluoride concentration on the average pore diameter 

and the thickness of the resulting nanoporous layers. The average pore diameter nearly 

linearly increases with the NH4F concentration, ranging from 7.3 nm for 0.1 M NH4F to 

18.3 nm for 0.4 M NH4F. This pore widening can be attributed to the enhanced chemical 

dissolution of the pore wall caused by the increased amount of fluoride ions in the 

electrolyte. It is clear that an increase of the fluoride anion concentration of more than 0.2 

M in the electrolyte does not further improve the regularity of the formed anodic porous 

layers.  

Concentration of (NH4)2SO4 in the 
0.2 M-NH4F-containing electrolyte (M) 0 0.05 0.1 0.15 
Conductivity of the electrolyte(µS/cm) 50.5 66.1 75.2 85 
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Figure 4.1.9 SEM top-views of the anodic nanoporous Ta2O5 films formed at 20 V in 

0.15 M (NH4)2SO4 containing mixed ethylene glycol/glycerol electrolytes with different 

amounts of NH4F: a) 0.1 M, b) 0.2 M, c) 0.3 M and d) 0.4 M. The insets show magnified 

top-views. e) Dependence of the pore diameter and the thickness of porous Ta2O5 layers 

on the NH4F content; f) Current transients recorded during anodization of Ta in (a)-(d). 

 

The thickness has a peak value of approx 11.6 μm in the 0.2 M NH4F containing 

electrolyte, and it gradually decreases to approx 7.6 μm in the 0.4 M NH4F containing 

electrolyte. This can also be attributed to the enhanced dissolution of oxide layers by the 

excessive amount of fluoride ions. Fig.4.1.9f shows the corresponding current transients 

during anodization. The increasing fluoride concentration leads to a slightly higher current 
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density, but based on the reduced layer thickness also to a considerably increased amount 

of oxide dissolution. 

Fig.4.1.10 presents SEM images of long-range highly self-ordered nanoporous Ta2O5 

layer, which is formed by anodization of Ta in the mixed ethylene glycol (5 vol. %)/ 

glycerol electrolyte containing 0.2 M NH4F and 0.15 M (NH4)2SO4 at 20 V for 3 hours.  

 
Figure 4.1.10 SEM images (top, large-scale top, side and side magnified views) and the 

thickness of the highly self-ordered nanoporous Ta2O5 layer. 

 

From the top and the magnified side view, one can see that the pores (channels) of the 

porous layer have a highly uniform diameter of approx. 12 nm, a regular arrangement and 

are well aligned perpendicular to the substrate. The thickness of this layer is 

approximately 12 μm and the aspect ratio is as high as 1000. Compared to the anodic 

nanoporous Ta2O5 layer formed in the glycerol/ NH4F electrolyte in previous work [186], a 

long-range order of the as-formed nanoporous layer has been achieved with a degree that 

is already close to the case of ideally self-ordered anodic aluminum oxide [143, 146, 144]. 

In additional experiments, the effect of the applied potential on the morphology and 
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dimensions of the porous layers is also investigated. Fig.4.1.11a-d show a sequence of 

SEM images that were taken from samples anodized in the mixed ethylene glycol (5 vol. 

%) /glycerol electrolyte containing 0.2 M NH4F and 0.15 M (NH4)2SO4 at different 

potentials: 10 V, 20 V, 30 V, and 40 V. It can be seen from the top views that in all cases 

nanoporous Ta2O5 layers were obtained. Fig.4.1.11e shows the dependence of the 

interpore distance, the average pore diameter and the thickness on the applied voltage 

based on the evaluation of SEM images. The average pore diameter and the interpore 

distance linearly increase from approx. 9.2 nm at 10 V to approx. 15.9 nm at 40 V. For the 

sample formed at 10 V, considerable variations in thickness of the layer can be observed 

and the overall homogeneity of the layer is not very high. In contrast, layers anodized at 

20 V and 30 V show a very high degree of ordering and the smallest standard deviation in 

thickness and pore diameter. At both voltages very uniform, stable and well adherent 

layers with more than 10 μm in thickness were grown over the entire anodized surface. 

For samples anodized at 40 V (and higher) the high degree of ordering of the porous 

structures is lost again.  

According to the current transients in Fig.4.1.11f, with increasing applied anodic 

potential the steady-state current density gradually increases. Moreover, for the 40 V case, 

some current oscillations can be observed, possibly breakdown events that have clearly a 

detrimental impact on the morphology of the formed layer. These findings suggest that for 

self-organization in the case of porous tantala, an optimized current density exists that is 

around 1 mA.cm-2. It is noteworthy that this level is similar to the level observed for 

nanotubular Titania [28, 36], and that such an optimized limiting current density is also in 

line with the case of anodic porous Al2O3
 [146,147,187]. 
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Figure 4.1.11 SEM top-views of the anodic nanoporous Ta2O5 film formed in the 

electrolyte of Fig. 4.1.10 at applied voltages of a) 10 V, b) 20 V, c) 30 V and d) 40 V. The 

insets show magnified top-views. e) Dependence of the interpore distance, pore diameter 

and thickness of porous Ta2O5 layers on the applied voltage; (f) Corresponding current 

transients. 

 

Noteworthy is also the importance of choosing the suitable background salt for the 

optimization of organic electroltes.Fig.4.1.12a shows the current density-time curves 

during anodization of Ta in the mixed ethylene glycol (5 vol. %) /glycerol electrolytes 

containing 0.2 M NH4F and 0.15 M various background salts: NH4ClO4, NH4NO3 and 

(NH4)2SO4.  
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Figure 4.1.12 a) Current transient recorded during anodization of Ta in 0.2 M NH4F 

containing ethylene glycol (5 vol. %)/ glycerol electrolytes at 20 V without and with 0.15 

M different background salts: (NH4)2SO4, NH4NO3 and NH4ClO4.b) Current transient 

recorded during anodization of Ta in 0.2 M and 0.4 M NH4F containing ethylene glycol (5 

vol. %)/ glycerol electrolytes without/with 0.15 M NH4ClO4 at 20 V. c)SEM images of the 

anodic Ta2O5 film formed in ethylene glycol (5 vol. %)/glycerol electrolyte containing 0.2 

M NH4F and 0.15 M NH4ClO4 at 20 V.  

 

As shown in Fig.4.1.12a, during the anodization process in the NH4NO3 or NH4ClO4 

containing electrolytes, the current density decays quickly and never reaches a steady state 

value. This could indicate that the addition of these salts does not only increase the 

conductivity of the electrolyte, but also affect the establishment of the self-organization 

process, i.e., the dynamic equilibrium between the field-aided oxide formation and the 

chemical etching by fluorides. In other words, the additional NH4NO3 or NH4ClO4 salts 

are “reactive” during the anodization process, e.g., in the amount adsorbed or incorporated 

into the Ta2O5 layers. As a result, the self-organized oxide formation process is disturbed 
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and disordered nanoporous oxide layers are obtained. An example of these anodic Ta2O5 

layers is shown in Fig.4.1.12c, which is formed in the 0.2 M NH4F and 0.15 M NH4ClO4 

containing ethylene glycol (5 vol. %) /glycerol electrolyte at 20 V. The current 

density-time curves shown in Fig.4.1.12b further confirm that the presence of NH4ClO4 in 

the electrolytes could inhibit the reactions of NH4F. Even in the electrolytes with high 

levels of fluoride content, the current density still decreases with NH4ClO4 present in the 

electrolytes.  

Overall, this section demonstrates that the ordering of formed anodic Ta2O5 nanoporous 

layers can be significantly enhanced by optimizing the organic fluoride-containing 

electrolytes. In particular, by using mixtures of ethylene glycol and glycerol combined 

with suitable “inactive” background salts (such as (NH4)2SO4), pore branching can 

substantially be suppressed and a long range ordering of the structures can be established.  

As a result, anodic Ta2O5 nanoporous layers with a high degree of long-range 

self-ordering and thicknesses of 11 μm can be grown. The morphology and dimensions of 

the layers can be altered over a certain range using modified electrochemical conditions. 

This improved morphology control makes the layers suitable for further applications 

where a defined geometry and pore length is required.  
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4.1.3 Composition and crystalline analysis of anodic nanoporous Ta2O5 layers   

In order to obtain information on the chemical composition, XPS analysis was performed 

on the formed Ta2O5 samples. Fig.4.1.13a shows a survey spectra and Fig.4.1.13b a 

sputter depth profile. It is clear from Fig.4.1.13a that after anodization of Ta in the NH4F 

and (NH4)2SO4 containing electrolyte, significant amounts of fluoride and sulphur species 

are formed on the porous Ta2O5 layer. The XPS sputter depth profile (Fig.4.1.13b) 

indicates that fluoride and a small amount of SO4
2- species are incorporated throughout the 

oxide structure. However, such profiles were only 200 nm deep and hence an additional 

EDX analysis was performed.  

   

  
Figure 4.1.13 (a) XPS spectra and (b) XPS sputtering profile of the anodic nanoporous 

Ta2O5 film (c) EDX spectra taken on; (b) the EDX analyses of 3 different locations 

throughout an anodic nanoporous Ta2O5 film(The inset shows high magnified view ) 

 

The EDX analyses (Fig.4.1.13c) of three different locations along the cross-section of 

an anodic nanoporous Ta2O5 film show that, the concentration of Ta , O and F species are 
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almost stable along the depth, but the concentration of S specie drops from top (8.67%) to 

bottom(4.43%).    

  
Figure 4.1.14 XRD spectra taken on the as-formed / annealed (at 450°C for 24 hours, and 

at 650°C for 5 hours) anodic nanoporous Ta2O5 films. 

 

The X-ray diffraction (XRD) patterns (in Fig.4.1.14) show that the as-formed 

nanoporous Ta2O5 layers are amorphous. To crystallize the layer we attempted to thermal 

anneal them in N2 at 450°C (for 24 hours) and 650°C (for 5 hours). It should be noted that 

due to poor oxidation resistance of Ta in the air, some inert atmospheres, such as N2 or Ar, 

are required for annealing the anodic oxide layer on the Ta substrate. [188] Otherwise, in air 

the Ta foil will be completely thermally oxidized into white oxide powders in a short time 

at temperature higher than 500°C (so-called breakaway oxidation). As shown in Fig.4.14, 

after annealing at 450°C even for 24 hours, the anodic oxide layer still stays amorphous; 

only after being annealed at much higher temperature (650~700°C), the as-formed 

nanoporous Ta B2 BOB5 B layers can be converted into a polycrystalline structure (mainly 

β-TaB2 BOB5 B). 
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4.1.4 Anodic formation of self-ordered nanoporous TiO2 layers  

As mentioned previously, for the anodization of metals in fluorides containing aqueous 

electrolytes, some elements, such as Ti, Zr, and Hf, tend to form nanotubular structures; 

whereas others, e.g., Ta, Nb, and W, tend to form nanoporous structures. However, some 

recent work reported that via advanced anodization approaches, depending on the 

electrochemical conditions (particularly the water content in the organic electrolytes), 

self-organized anodic oxide nanoarchitectures with adjustable nanoporous or nanotubular 

structures can be obtained on Zr[41] and Hf[47]. For example, if the water content of the 

organic electrolyte was lower than 3-5 vol. %, a self-ordered nanoporous oxide layer is 

formed [41,47].  

For Ti, nevertheless, even if the water content in the electrolyte was kept below 1 % 

always a tubular morphology was obtained. Up to the present work, any attempt to create 

ordered nanoporous structures failed.[29,30,189,190] In this section, we will show how to 

realize the transition from self-ordered anodic nanotubular to nanoporous TiO2 layer by 

using a specific anodization approach. That is, to anodize Ti in a dry glove box which 

allows to control even very low water contents in the electrolyte and in the surrounding 

atmosphere. 

As shown in Fig.4.1.15, an ordered nanoporous TiO2 layer was formed by performing 

the anodization experiment in the controlled atmosphere of a glove box, under the 

optimized formation conditions. This layer was obtained in an ethylene glycol electrolyte 

containing 0.05 M NH4F and 0.5 vol. % H2O after 4 h anodization of Ti at 20 V. From the 

SEM top view image (Fig.4.1.15a) and the cross-sectional images (Fig.4.1.15b and c), it 

is apparent that a well-aligned nanochannel structure with a pore diameter of approx. 20 

nm and a layer thickness of approx. 3.5 μm, has been formed. Fig.4.15d shows current 

density-time behavior during the formation process of the layer. The decay of the current 
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density is in line with the characteristics typically obtained during self-organizing growth 

of porous Al2O3 or TiO2 nanotubular layers. [197,29,30] 

   

   
Figure 4.1.15 SEM images of anodic nanoporous TiO2 film formed in 0.05 M NH4F 

containing ethylene glycol electrolyte with 0.5 vol. % H2O after 4 hour anodization at 20 

V in glove box showing (a) top-view, (b) cross-sectional view, (c) thickness and (d) the 

Current transient recorded during the anodization process. 

 

It is evident from Fig.4.1.16 that the water content in the electrolyte indeed plays a 

decisive role in determining whether a nanoporous TiO2 or nanotubular structure is formed. 

The SEM images in Fig.4.16a-d show anodic TiO2 layers formed in the 0.05 M NH4F 

containing ethylene glycol electrolyte with different contents of water: 0 vol. %, 0.3 vol. 

%, 0.5 vol.% and 0.7 vol. %. For 0% water addition, only small irregular structures are 

obtained. The EDX result in Fig.4.1.16a shows that some oxide is formed (mainly present 

as some patches on the surface). This oxide formation may be ascribed to the remaining 

water traces in the electrolyte. In this case, however, the H2O content is not sufficient to 

grow oxide layers of a considerable thickness. For 0.3 vol.% H2O, first signs of 

self-organization are apparent and some channels start growing, but the highest degree of 
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self-organization in a porous structure is obtained for 0.5 vol.% H2O. At higher water 

contents the morphology changes entirely to an ordered tubular structure as shown in 

Fig.4.1.16d.  

 

 
Figure 4.1.16 SEM images of the anodic oxide films formed by 4 hour anodization of Ti 

at 20 V in 0.05 M NH4F containing ethylene glycol electrolyte adding different amounts 

of water: a) 0 vol. %, b) 0.3 vol. %, c) 0.5 vol. %, and d) 0.7 vol. %, inserted with EDX 

result or cross-sectional views; e)Current transient recorded during the anodization 

processes of (a)-(d) 

 

From Fig.4.1.16, it can be seen that in order to grow self-ordered anodic TiO2 1D 

nanoarchitectures (either nanopores or nanotubes), a minimum amount of water content 

(in this case, more than 0.5 vol. % of H2O) in the electrolyte should be maintained. 

Actually, the water may play a crucial role in view of two aspects of nanotube/pore 

formation. On the one hand, it is the source of oxygen to efficiently form oxide during 
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anodization; on the other hand, it is also an essential factor for the formation of tubes 

rather than pores. The effect of water on oxide formation can also be seen in the 

current-time behavior during the anodization process shown in Fig.4.1.16e. Clearly, the 

anodization current density in water-free electrolyte shows the sharpest drop. This may be 

attributed to a quick use-up of the entire water traces to form the irregular oxide in 

Fig.4.1.16a. With an increase of the water content in the electrolyte, the current density 

increases and the pore or tube layers can grow to considerable thickness. All layers in 

Fig.4.1.16b-d are approx. 3-4 μm thick; i.e. the electrochemical characteristics remain 

similar when either pores or tubes are formed. 

 
Figure 4.1.17 SEM top-views of the anodic TiO2 film formed under 20 V in the ethylene 

glycol electrolyte with 0.5 vol. % H2O containing different amounts of NH4F: a) 0.025 M, 

b) 0.05 M, c) 0.1 M and d) 0.2 M. The insets show cross-sectional views. 

 

Fig.4.1.17 shows the obtained anodic TiO2 layers of a series of experiments, where the 

H2O content in the electrolyte was kept constant but the fluoride content (the 

concentration of NH4F) was varied from 0.025 M to 0.2 M. It is revealed from Fig.4.1.17 

that, with an increasing amount of NH4F, a trend to enhanced tube formation is observed. 
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I.e., a second electrochemical factor (except for the water content) that is decisive for tube 

or pore formation is the fluoride concentration in the electrolyte. 

 
Figure 4.1.18 Schematic illustration of formation of nanotubes from nanoporous oxide 

layer by selective dissolution of fluoride rich layers at the cell boundaries  

 

Although the mechanism of the transition from nanotubular to nanoporous structures is 

not fully elaborated, the present work is in line with studies on Ti-Al alloys [90] and 

considerable work on Al [191], according to a model illustrated in Fig.4.18. It assigns tube 

formation to the selective dissolution of a fluoride rich layer present at the cell boundaries 

of ordered porous structures formed in fluoride electrolytes. It was reported in previous 

work that a significant amount of fluoride is present at the bottom and at cell boundaries of 

such hexagonally ordered porous oxide layers. [30,200,192] I.e., between individual oxide 

cells a fluoride rich layer is present.  

 
Figure 4.1.19 XPS depth profile taken through the bottom of a lifted-off TiO2 nanotube 

layer. (Taken from Ref [200]) 
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For example, as shown in Fig.4.19, a XPS sputter-depth profile through the bottom of 

an anodic TiO2 nanotube layer, that fluoride species are present over the entire layer, and 

that an approx. 20 nm thick fluoride-rich layer is present at the metal–oxide interface. It is 

also confirmed by Auger sputter profile of the formed nanoporous TiO2 layer in Fig.4.1.15 

that considerable amounts of fluorides (1.5~2 at. %) are selectively present at the cell 

boundaries. [193] 

As Ti-F compounds are highly water soluble, the fluoride rich layer can be assumed to 

be prone to chemical dissolution in aqueous electrolytes. In other words, increasing the 

water content leads to a faster dissolution of the fluoride layer and therefore to a splitting 

of the porous layer into a tube layer. The effect of an increased fluoride concentration in 

the electrolyte (Fig.4.1.17) is in line with this concept as it leads to a higher (and faster) 

fluoride accumulation at cell boundaries. Even in a wider context, tubular shape formation 

as a consequence of preferential etching of hexagonal cell boundaries is not limited to 

some systems, e.g. Al, Zr, Hf, and Ti–Al alloys [199, 41, 47,90], but appears to be the universal 

cause for nanotube formation. Overall, the work in this section not only show the 

fabrication route of self-ordered nanoporous TiO2 layers by advanced anodization 

approaches, but they also support the concept that transitions from porous to tubular 

morphologies are gradual, with decisive factor being the solubility of the cell boundary in 

the anodization electrolyte. 
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4.2 Anodic formation of highly ordered oxide nanoarchitectures on Ti-Ta alloys 

Noting that the high aspect ratio, self-ordered anodic oxide nanoarchitectures (nanotubes 

or nanopores) have been successfully formed on Ti [36,37] and Ta [186,194], it is also of great 

interest to fabricate the “alloyed” oxide nanoarchitectures with same high aspect ratio and 

self-ordering on their binary alloys. Due to the excellent biocompatibility, Ti-Ta alloys are 

promising candidates for biomedical implant materials. The facile formation of 

self-organized TiO2-Ta2O5 1D nanoarchitectures could either efficiently introduce a 

specific adjustable functionality into TiO2 nanotube arrays (or even create a doping 

effect[83]), or provide a functional nanoarchitectured surface on the Ti-Ta alloys and 

benefit several practical applications.  

In fact, Tsuchiya et al. have reported the formation of anodic TiO2-Ta2O5 nanotubular 

layers by anodization of Ti-Ta alloys in the aqueous electrolyte containing 1 M H2SO4 and 

0.15 wt.% HF [86]. However, in such an electrolyte, only irregular and inhomogeneous 

nanotubes are obtained. It is highly desirable to form high aspect ratio, self-ordered anodic 

oxide nanotubes and nanopores on Ti-Ta alloys by using advanced anodization approaches. 

In this section, the anodization processes of Ti-19Ta ,Ti-10Ta and Ti-40Ta alloys will be 

systemically investigated.  
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4.2.1Anodic growth of hexagonally ordered oxide nanoarchitectures on Ti-19Ta alloy 

For the anodization of Ti-Ta alloys, the first investigated system is the Ti-19Ta alloy 

(provided by UJP Company), namely the Ti alloy containing 19 at. % of Ta, which is a 

promising new biomedical material [195,196].Initially, several fluoride containing aqueous 

and organic electrolytes have been employed to anodize the Ti-19Ta alloy.  

 

 

 
Figure 4.2.1 SEM images of the obtained anodic oxide layers formed by anodization of 

Ti-19Ta alloy at 20 V in a variety of 0.2 M NH4F containing electrolytes: a)aqueous 1 M 

(NH4)2SO4 electrolyte, b)glycerol, c)ethylene glycol, d) ethylene glycol with 0.2 M HF 

(instead of NH4F), e)ethylene glycol with 2 vol.% H2O and f)glycerol with 2 vol.% H2O, 

showing top and cross-sectional views.  
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Fig.4.2.1 exhibits the SEM images of the formed anodic oxide layers by anodization of 

the Ti-19Ta alloy at 20 V in a variety of 0.2 M NH4F containing electrolytes: a)aqueous 

electrolyte with 1 M (NH4)2SO4, b) glycerol, c) ethylene glycol, d) ethylene glycol with 

0.2 M HF (instead of NH4F), e) ethylene glycol with 2 vol.% H2O and f) glycerol with 

2 vol.% H2O. As shown in Fig.4.2.1a, the aqueous fluoride containing electrolyte only 

leads to the formation of inhomogeneous nanotube arrays with unsmooth tube wall (i.e., 

the ripples on tube wall). For the NH4F containing ‘pure’ organic electrolytes (both 

glycerol and ethylene glycol), the obtained anodic oxide layers are not highly ordered 

either(see Fig.4.2.1b-c). Only in the water containing organic electrolytes, highly ordered 

oxide nanoporous/nanotubular layers are obtained (see Fig.4.2.1d-f). It is noteworthy that 

the HF containing organic electrolytes always contain some amounts of water, due to the 

original water content in the pure hydrofluoric acid (49 wt.%). 

Overall, the anodic nanoporous oxide layer formed in the ethylene glycol / H2O based 

NH4F containing electrolyte exhibits the highest level of long-range self-ordering among 

these obtained oxide layers (see Fig.4.2.1e ) and this electrolyte is therefore selected for 

further investigations and optimizations. 

Fig.4.2.2a-d show SEM images of the obtained oxide nanoporous layers after 3h 

anodization of the Ti-19Ta alloy at 20 V in the 0.2 M NH4F containing ethylene glycol 

electrolyte with 5 vol. % H2O. From the top view shown in Fig.4.2.2a-b, it is apparent that 

a hexagonal packed honeycomb nanoporous structure with a pore diameter of approx. 27 

nm (the interpore distance of approx. 45 nm), has been formed over a large area of the 

substrate.  

In fact, the regularity of the structure described in Fig.4.2.2 a-b resembles the best 

known case, Al2O3, where a similar degree of ideal long range order has been obtained 

[137,146,143]. However, the anodic porous Al2O3 layers with such highly ordered structures 
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are typically established after sufficiently long anodization with optimized current 

densities [146,197] and/or by a two-step anodization process [139].  

 
Figure 4.2.2 SEM images of the anodic hexagonal nanoporous TiO2-Ta2O5 film formed in 

the ethylene glycol electrolyte containing 0.2 M NH4F and 5 vol. % H2O after 3 hour 

anodization at 20 V showing (a) top-view, (b) large area top-view, (c) cross-sectional 

view, and (d) thickness.(e) shows the current transient recorded during the anodization 

process. (f) shows the thickness of the layers after 6h-anodization under the same 

condition. 

 

The cross-sectional views shown in Fig.4.2.2c-d indicate that this uniform nanoporous 

structure is well-aligned and perpendicular to the substrate, with a layer thickness of 
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approx. 9.5 μm. Fig.4.2.2c reveals that the defined morphology is also present at the 

bottom part of the nanoporous structure. Fig.4.2.2e shows the current density-time 

behavior during the formation process of the layers. A typical behavior for self-organized 

oxide formation is obtained with an initial current drop and subsequently a steady-state 

value (of approx. 0.4 mA. cm-2). Along with the extended anodization time, the thickness 

of the nanoporous layer could be also increased significantly. For example, after 6 hour 

anodization under the same conditions as in Fig.4.2.2a-c, the thickness of the formed layer 

increases to approx.17 μm (Fig.4.2.2f).  

In an additional set of experiments, the effect of the applied voltage on morphology of 

the porous layers was investigated. From the SEM top view images in Fig.4.2.3a-c, it is 

evident that over a wide voltage range, a honeycomb arranged hexagonal self-organized 

nanoporous structure with different interpore distances could be achieved. An interesting 

observation can be made when comparing the voltage dependence of the interpore 

distance and the pore diameter. The interpore distance increases linearly with anodization 

voltage from 45 nm at 20 V to 76 nm at 40 V, to 104 nm at 60 V, consistent with 

expectations and literature [90]. However, the inner pore diameter of the layers formed 

under applied voltages of 40 V and 60 V only shows slight variations – it varies only 

between 45 and 50 nm. The thickness of the layers formed at 40 V and 60 V exceeds 11 

μm.  

Along with the extended anodization time (e.g., 36 hours), a 150 μm thick hexagonal 

self-ordered nanoporous TiO2-Ta2O5 layer can be obtained with the applied voltage of 60 

V, where the cross-sectional view is shown in the inset of Fig.4.2.3c. To our best 

knowledge, up to now this is the highest layer thickness and aspect ratio (around 3000) of 

all reported anodic oxide nanostructures formed on the Ti-based alloys. (The “brighter” 

boundary in SEM might be due to the edge effect, i.e., the different height between the 
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inner part and the boundary of the structure cells.) Fig.4.2.3d shows the current 

density-time behaviors during the anodization process at different voltages. The higher the 

voltage, the higher is the resulting current density over the entire formation range. 

 
Figure 4.2.3 SEM top view images of the anodic hexagonal nanoporous TiO2-Ta2O5 film 

grown in the ethylene glycol electrolyte containing 0.2 M NH4F and 5 vol. % H2O with 

applied voltage of a) 20 V, b) 40 V and c) 60 V. The inset of (c) shows the thickness of the 

layer after 36 h anodization under 60 V. d) Current transient recorded during anodization 

process in (a)-(c). 

 

More striking effects appear, when investigating the influence of the water content in 

the electrolyte. Fig.4.2.4 shows SEM images of the oxide layers formed in the ethylene 

glycol + 0.2 M NH4F electrolyte with different water contents: 5 vol. %, 10 vol. % and 15 

vol. % at the same voltage ,i.e., 20 V. 

 As apparent from the top and the cross-sectional views, due to the increasing water 

content in the electrolyte, the morphology of the layers shows a transition from 

self-organized hexagonal nanoporous structures to self-organized nanotubular structures. 
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A bi-morph structure that is partially nanoporous and partially nanotubular can be found 

for layers formed at a water content of 10 vol. %. 

 
Figure 4.2.4 SEM top view s of anodic nanoporous/nanotubular TiO2-Ta2O5 films formed 

at 20 V in 0.2 M NH4F containing ethylene glycol electrolyte adding different amounts of 

water: (a) 5 vol. %, (b) 10 vol. %, (c) 15 vol. %.The insets show cross-sectional views; (d) 

current transient recorded during anodization process in (a)-(c). 

 

Although the detailed mechanism and reasons of this structure transition are still not 

fully elaborated, it is evident from the results that the water content of the electrolyte plays 

a critical role for the occurrence of this transition between nanoporous and nanotubular 

structures. It is known from previous work that a key factor to anodic self-organized 

nanotubes / nanopores growth on valve metals in fluoride-containing electrolytes is the 

dynamic equilibrium between field-aided oxide formation and field-aided oxide 

dissolution (accompanied with some chemical dissolution of the oxide due to the presence 

of the fluoride anions in the electrolyte). In principle, both processes - oxide formation and 

dissolution - may be affected by water.[193,207] Particularly for the organic electrolytes with 
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very low water contents (such as ‘pure' ethylene glycol and glycerol), the etching rates, i.e. 

oxide chemical dissolution by fluorides and fluoride-rich layer by water are typically 

enhanced by the addition of water [198,193].  

Etching of porous layers seems to start at specific locations. Particularly the results in 

Fig.4.2.4b indicate that etching of the structure is initiated at the hexagonal cell 

boundaries. Preferential etching of cell boundaries at triple points has also been observed 

in case of anodization of Al, Zr and Ti-Al alloys [199,41, 90], and has been ascribed to 

accumulation of fluorides, or generally to anion enrichment at the boundaries [29, 30, 200]. 

These fluoride rich layers can be considered to be especially prone to dissolution by water; 

previous work ascribes the presence of a porous or tubular layer (on different valve 

metals) to the solubility of the particular fluoride compounds [90]. 

It is noteworthy that the pore diameter of the layers formed in the electrolyte containing 

10 vol. % H2O is approximately the same as in the case of 5 vol. % H2O (Fig.4.2.4), 

which means that essentially no pore widening occurs. This implies that the inner walls of 

the porous structure are more stable than the cell boundary layers. However, at higher 

water content (15 vol. % H2O), the inner walls of the nanotubes are also etched by the 

fluorides and a widening of the inner diameter from 27 nm to 56 nm occurs. At the same 

time, the cell boundaries are etched to form nanotubes with an outer diameter of 72 nm. 

Fig.4.2.4d shows the current behavior during the anodization process for the different 

water contents. Although the three types of self-organized nanoporous/nanotubular 

structures are formed, the shape of the current transients are very similar, which suggests 

that the rate controlling step whether tube or pores are formed remains the same, i.e. at 

early stages of tube/pore growth, field aided processes dominate and at longer time 

diffusion processes probably [28-,29,30] .  

The transition from pores to tubes is also found to be voltage dependent. Fig.4.2.5 
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shows overview of the morphologies of oxide layers formed under different applied 

voltages (i.e., 20 V, 40 V, and 60 V) in electrolyte containing 10 vol. % and 15 vol. % 

H2O.  

 
Figure 4.2.5 SEM top-view images of the anodic nanoporous/nanotubular TiO2-Ta2O5 

film formed in 0.2 M NH4F containing ethylene glycol electrolyte with 10 vol. % and 15 

vol. % of added H2O under the applied voltage of 20 V, 40 V, and 60 V. 

 

For 10 vol. % at an applied voltage of 40 V, transition from tube to a complete 

hexagonal nanoporous structure can be obtained. For 15 vol. % H2O, at 60 V, we still 

obtain a nanotubular structure and with an increasing applied voltage, the thickness of tube 

walls is significantly enhanced from 7.8 nm at 20 V to 30 nm at 60 V. It should also be 

noted that for 5 vol. % H2O containing ethylene glycol electrolytes only hexagonal 

nanoporous structures could be obtained in the investigated voltage range, i.e. if the water 

content is sufficiently far from a threshold concentration, only one of the morphologies is 

formed. This voltage effect may be attributed to different cell boundary chemistries that 

are established during field-aided oxide formation at different fields, due to voltage 

dependence of the transfer rates of O2- and F- anions. 

In summary, by the anodization of the Ti-19Ta alloy in the optimized electrolytes, i.e., 

the NH4F containing ethylene glycol electrolytes with a small amount of water, the tunable 
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formation of long-range self-ordered, hexagonal nanoporous /nanotubular TiO2-Ta2O5 

layer can be achieved. Under optimized anodization conditions, the formed anodic oxide 

1D nanoarchitectures show a degree of self-organization and long-range order that is 

comparable to ideal ordering for AAO [137,146,143].  

By using the 0.2 M NHB4 BF and 5 vol. % H2O containing ethylene glycol electrolyte, 

hexagonally packed nanoporous TiO2-Ta2O5 layers with thicknesses of more than 10 μm 

are grown on the Ti-19Ta alloy. The pore diameter of the formed layers can be adjusted 

with variation of the applied voltage from 27 nm (at 20 V) to 50 nm (at 60 V). The 

transition from the highly ordered nanoporous layer to nanotubular layer can be further 

achieved by carefully adjusting the water contents (5 vol.%~ 15 vol.%) in the organic 

electrolytes and the applied voltage. 
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4.2.2 Structure and composition analysis of anodic TiO2-Ta2O5 nanoarchitectures 

In order to obtain information on the structure and chemical composition of the formed 

TiO2-Ta2O5 nanoarchitectures, XRD and XPS analysis were performed on the as-formed 

and the annealed nanoporous/nanotubular layers.  

  

 
Figure 4.2.6 (a) XRD spectra taken on the as-formed / annealed nanoporous/nanotubular 

TiO2-Ta2O5 films; (b) XPS spectrum and (c) corresponding sputter depth profile taken on 

an annealed nanoporous TiO2-Ta2O5 film. 

 

XRD investigations (Fig.4.2.6a) revealed that all as-anodized nanoporous/nanotubular 

oxide layers are amorphous, only substrate peaks are detected. After annealing in N2 at 

450°C, the amorphous TiO2 of the oxide layers are converted into mainly anatase phase, 

while there is no indication for a significant crystallization of the amorphous Ta2O5 phase. 

In case of annealing in N2 at 700°C, the formed oxide layers are transformed to a complete 

crystalline structure composed of anatase, rutile and β-Ta2O5. From the XRD spectra of 

different annealing treatments, no evidence for the presence of mixed oxides (e.g. TiTa2O7) 

could be found.  
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Fig.4.2.6b shows the XPS survey spectra for the annealed samples, which is the same at 

both annealing temperatures. The atomic concentration ratios of Ti/Ta/O in nanoporous 

and nanotubular oxide layers are 22:6:60 and 24:6:61, respectively. The Ti/Ta ratio in the 

two different self-organized oxide structures is quite close to the original ratio in the alloy, 

namely 81:19. The XPS sputter depth profile (Fig.4.2.6c) further shows that the ratio of 

Ti/Ta is quite stable throughout the oxide layers, whereas some amounts of C species are 

only present on the top region of the formed layers. XPS analysis also reveals that there is 

incorporation of F in the formed nanoporous and nanotubular oxide layers, namely 1.44% 

and 0.44%, respectively. 
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4.2.3 Anodic formation of oxide nanoarchitectures on other Ti-Ta alloys  

After the successful formation of hexagonal self-ordered anodic TiO2-Ta2O5 

nanoarchitectured layers on the Ti-19Ta alloy [201], it is also of great interest to obtain 

identical self-aligned anodic oxide nanoarchitectures on other Ti-Ta alloys with various 

alloy compositions. In this section we will deal with the self-organized formation of 

nanotube/nanoporous layers on other Ti-Ta alloys, namely the Ti-10Ta alloy and Ti-40Ta 

alloy (containing 10 and 40 at. % of Ta, respectively). 

Fig.4.2.7 shows SEM images of the obtained oxide layer after the anodization of these 

two types of Ti-Ta alloys in the 0.2 M NH4F containing ethylene glycol electrolyte with 5 

vol. % and 15 vol. % H2O under an applied voltage of 20 V. 

 
Figure 4.2.7 SEM top-view images of the anodic oxide layer formed on the Ti-10Ta and 

Ti-40Ta alloy in the 0.2 M NH4F containing ethylene glycol electrolyte with 5 vol. % and  

15 vol. % of H2O at 20 V. The insets show the cross-sectional views. 

 

It is evident from Fig.4.2.7 that the tunable formation of nanoporous / nanotubular 

anodic oxide layers can also be achieved on these Ti-10Ta and Ti-40Ta alloys, depending 
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on the water contents in the organic electrolytes. Compared with the previous hexagonally 

ordered anodic oxide nanoarchitectured layers formed on the Ti-19Ta alloy [201], the anodic 

oxide 1D nanostructured layers formed on the Ti-40Ta alloy show similar long-rang 

self-ordering. However, in case of the Ti-10Ta alloy, the obtained anodic oxide 

nanoarchitectures, either nanopores or nanotubes, are inhomogeneous and contain 

different domains. 

These different nanoarchitectured layers formed under the same electrochemical 

condition could reveal that the metallic substrates also play a role in determining the 

self-ordering of the obtained anodic oxide nanoarchitectures, apart from the 

electrochemical factors (such as the electrolytes and voltage). Fig.4.2.8 exhibits the SEM 

top-views of polished Ti-10Ta and Ti-40Ta alloys. As shown in Fig.4.2.8, it is clear that 

there are several different textured regions existing in the Ti-10Ta alloys, which contain 

various ratios of Ti/Ta. Due to the different oxide conversion factors [90, 158] and the 

different etching resistance of the two metals in fluoride containing electrolytes,[186] the 

various ratios of Ti/Ta of the phase domains will cause the establishment of locally 

different oxide formation/dissolution equilibria during the anodization process. As a result, 

anodic oxide layers that contain various nanoporous/nanotubular domains are obtained 

(see Fig.4.2.7a). 

In contrast to the multi-phase Ti-10Ta alloy, the homogeneous single-phase Ti-Ta 

alloys, e.g. the Ti-40Ta alloy (Fig.4.2.8b) and the previously studied Ti-19Ta alloy, will 

produce defect-free long-range self-ordered anodic oxide 1D nanostructured layers. The 

quality of the Ti-Ta alloys (or other binary alloys), the homogeneities and the 

compositions (single or multi phases), can also significantly influence the obtained anodic 

oxide nanoarchitectures. 
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In fact, in case of poor-Ta alloy (i.e., the Ti-10Ta alloy), the α - Ti phase might remain 

in such alloys after arc melting, according to the Ti-Ta binary phase diagram [202] shown in 

Fig.4.2.8c. This different phase will cause the inhomogeneity of the obtained β−Ti, Ta 

phase. In metallurgy, the post-thermal treatment is a suitable approach to overcome this 

drawback. For example, by annealing the multi-phases Ti-10Ta alloys at 1337°C for 2 

hours and subsequent quenching (handled by GKSS Forschungszentrum), we can obtain 

homogeneous Ti-10Ta alloys and afterwards defect-free, long-range self-ordered anodic 

TiO2-Ta2O5 nanotubular/nanoporous layers. 

.  

Figure 4.2.8 SEM top-views of the polished surface of the a) Ti-10Ta alloy and b) 

Ti-40Ta alloy. The insets show the remaining dimples arrangement on the substrates after 

the anodization in Fig.4.2.7 a and b. c) shows the Ti-Ta binary alloy phase diagram (Taken 

from Ref[202]).(d) shows SEM top views of the nanoporous layer formed on 

homogeneous Ti-10Ta alloys after post-thermal treatment.  
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Fig.4.2.8d shows that over a large area the self-ordered anodic nanoporous TiO2-Ta2O5 

layer has been built on the re-annealed Ti-10Ta alloy under the same electrochemical 

condition as the case of Fig.4.2.7a.  

Overall, the section demonstrates that via advanced anodization approaches long-range 

self-ordered TiO2-Ta2O5 layers with tunable nanotubular/nanoporous structures could be 

built on not only the specific Ti-19Ta alloy, but the general Ti-Ta alloys with various alloy 

compositions. Apart from the electrochemical conditions, the quality of the alloys also 

significantly influences the formed anodic oxide 1D nanoarchitectures. In order to obtain 

ideal ordered, defect-free nanoporous/nanotubular anodic oxide layers over a large area, 

the used alloys should be homogeneous single-phase, which can possibly be achieved by 

post-thermal treatments of the alloys. 
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4.3 Anodic formation of oxide nanoarchitectured layers on Ti-Ta alloy thin films  

The previous section has demonstrated the feasibility of building a long-range hexagonally 

ordered anodic TiO2-Ta2O5 nanoporous film on the bulk Ti-Ta alloys.[201] For some 

practical applications (e.g., filters in biochemistry), it is highly desirable to fabricate such 

ideally ordered nanoporous thin films on the required substrates. Thus, in this section, we 

will address the usage of advanced anodization approaches to build large area, highly 

self-ordered anodic TiO2-Ta2O5 1D nanoarchitectured layers on various thin Ti-19Ta alloy 

substrates.  

  

 

 
Figure 4.3.1 SEM images of the three types of Ti-19Ta thin films, showing: top-views 

(left column) and cross-sectional view (right column). The insets show the magnified 

views. 

 

In general, there are two approaches to produce the Ti-19Ta alloy thin film substrates, 
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namely the mechanically rolling approach (by using a piece of an originally 2 mm thick 

bulk alloy) and the sputtered thin film approach (by using an alloy target). In this thesis 

three different types of thin film substrates are being investigated, of which the SEM 

images are shown in Fig.4.3.1. They are: Type I a mechanically rolled Ti-19Ta alloy thin 

film with a thickness of approx. 11 μm (provided by Hauner Metallische Werkstoffe); 

Type II a sputtered Ti-19Ta alloy thin film on an aluminum substrate with a thickness of 

700 nm (provided by PT&B Plasma technologies); Type III a sputtered Ti-19Ta alloy thin 

film on a doped p-Si wafer substrate with a thickness of 1.2 μm (provided by PT&B 

Plasma technologies). The EDX analyses (Fig.4.3.2) of the Type II and Type III thin films 

confirm that both of them contain the same compositions, i.e., the same ratios of Ti/Ta.   

 
Figure 4.3.2 The EDX analyses of the used Ti-19Ta/Al and Ti-19Ta /Si substrates  
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4.3.1 Anodic formation of self-ordered nanoarchitectured layers on Type I thin films 

For the anodization of the mechanically rolled Ti-19Ta thin films, the first experiment was 

performed in the ethylene glycol electrolyte containing 0.2 M NH4F and 5 vol. % H2O at 

20 V, which is the optimized electrochemical condition for the formation of ideally 

ordered anodic nanoporous layers on bulk Ti-19Ta alloys. 

 
Figure 4.3.3 SEM images of an anodic oxide layer formed in the ethylene glycol 

electrolyte containing 0.2 M NH4F and 5 vol. % H2O on the rolled Ti-19Ta thin film after 

3 h anodization at 20 V showing: a) top view, b) cross-sectional view and (c) 

thickness.(the highlighted areas in (a) and (b) display the different domains and defects ) 

 

However, the SEM images of the formed anodic oxide layer (Fig.4.3.3) show that only 

an inhomogeneous nanoporous oxide layer is obtained, with some local nanotubular 

regions and many defects. The ordering of both nanoporous and nanotubular regions in the 

obtained layer is far from the hexagonal honeycomb type achieved on the bulk Ti-19Ta 

alloy [201]. 

Although the reasons why such an irregular layer is formed (under the same condition) 
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are not yet fully understood, it can be deduced from the SEM images of the rolled 

substrate (Fig.4.3.1b) and the obtained oxide layer (Fig.4.3.3c) that these defects and 

disordering in the anodic oxide layer are associated with the rolled thin film substrate. In 

fact, because of the serious plastic deformations of the metals during the mechanical 

rolling process, the obtained metallic thin films after rolling always contain a lot of defects, 

dislocations and remaining inner stress.[203]  

In line with the previous investigations on the anodization of Al [136,204] and the Ti-10Ta 

bulk alloy, the dislocations, defects and inner stress existing in the metallic substrate will 

strongly decrease the homogeneity of the formed anodic oxide layers and generate many 

local defects. However, compared to the 0.1 mm thick Al foil and the 2 mm thick Ti-10Ta 

bulk alloy, this 11 μm thick Ti-19Ta rolled thin film is too thin to apply the annealing and 

quenching treatments. As a result, the optimization of the anodization conditions, with 

respect to the fluoride concentration, the water content in the electrolyte and the voltage, 

etc., might be the only possible option to achieve large-area self-ordered anodic 

nanoporous layers on this type of thin films. Various alternative electrochemical 

conditions are therefore investigated, in order to produce more homogeneous nanoporous 

oxide layers on these rolled thin films.  

Fig.4.3.4 exhibits some SEM images of the obtained anodic oxide layers formed in 

alternative conditions, such as in the ethylene glycol electrolyte with 2 vol. % H2O (see 

Fig.4.3.4a-b) or at an applied voltage of 40 V (see Fig.4.3.4c-d). According to previous 

studies on the bulk Ti-19Ta alloy, either decreasing the water content in the electrolyte or 

increasing the voltage can benefit the formation of a complete nanoporous layer. [201] In 

case of the rolled Ti-19Ta thin film, even though the ordering of the obtained anodic oxide 

layers has been improved by these alternative electrochemical conditions, the local defects 

can still be observed, as shown in Fig.4.3.4. 
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Overall, it can be noted that if the inherent defects (and inner stress) of the metal 

substrate are above a threshold level, it is still unlikely to fabricate long-range self-ordered 

oxide nanoporous layers, even by optimization of advanced anodization processes. The 

mechanically rolled Ti-19Ta thin films used here might not be a good substrate to grow 

long-range self-ordered nanostructured oxide thin films.   

 
Figure 4.3.4 SEM images of the anodic oxide layer formed on the Ti-19Ta rolled thin film 

in alternative conditions: a) and b) in the 0.2 M NH4F and 2 vol. % H2O containing 

ethylene glycol electrolyte at 20 V; c) and d) in the 0.2 M NH4F and 5 vol. % H2O 

containing ethylene glycol electrolyte at 40 V. 
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4.3.2 Anodic formation of self-ordered nanoarchitectured layers on Type II thin films 

The first attempt to anodize of the sputtered Ti-19Ta alloy/Al substrate was carried out 

using the optimized nanoporous layer formation conditions on the bulk Ti-19Ta alloy, i.e., 

in the 0.2 M NH4F and 5 vol. % H2O containing ethylene glycol electrolyte at 20 V.  

 

 
Figure 4.3.5 SEM images of the anodic nanotubular layer formed on sputtered Ti-19Ta 

alloy/Al substrate in the 0.2 M NH4F containing ethylene glycol electrolyte with 5 vol. % 

H2O at 20 V, showing: (a) top, (b) cross-sectional, (c) bottom and (d) large area bottom 

view. (The inset of (c) shows thickness. (e) Current transient recorded during the 

anodization of the sputtered Ti-19Ta alloy/Al thin film and bulk Ti-19Ta alloy. 

 

Interestingly, as shown in Fig.4.3.5, a complete nanotubular oxide layer with an average 

inner diameter of 25 nm and a total thickness of 1.36 μm is obtained on the Ti-19Ta 
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alloy/Al substrate. This resulting layer is different from the previous cases of the bulk 

alloy and the Type I thin film.  

It can be concluded from Fig.4.3.5 and Fig.4.2.2 that, apart from the electrochemical 

factors (such as water contents in electrolytes and voltage), the metallic substrates also 

affect the formation of anodic oxide 1D nanoarchitectures. Even under the same 

electrochemical conditions, the sputtered thin film might lead to different anodic oxide 

nanoarchitectures compared to the bulk metal.   

There is one more interesting feature of the oxide nanotubes formed on the sputtered 

Ti-19Ta/Al composite thin film. As shown in Fig.4.3.5c-d, the obtained nanotube arrays, 

on a large scale, show open bottoms. In other words, a large-scale flow-through 

TiO2-Ta2O5 nanotube membrane can be produced by anodizing through the sputtered 

Ti-Ta thin film and into the Al foil underneath. In fact, this feature can be associated with 

the common characteristics of these valve metals and alloys. That is, based on the same 

self-organized growth mechanism (in fluoride containing electrolytes), both the Ti-Ta 

alloy [201] and Al [205] can be converted in anodic oxide 1D nanoarchitectures. Therefore, 

for the Ti-Ta/Al composite layer, within the long-term optimized anodization process, the 

anodic oxide layer could completely grow through the Ti-Ta thin layer and smoothly 

penetrate into the Al layer underneath without termination events, such as breakdown 

events or selective etching of the substrate. As shown in Fig.4.3.5d, there are some 

remaining traces of Al2O3 observed on the open bottom of nanotubes that slightly 

“charge” and appear brighter in SEM. 

The process of the oxide growth transition from TiO2-Ta2O5 nanotubes to Al2O3 pores 

can also be monitored by recording the current density (see Fig.4.3.5e). In contrast to the 

gradually decreased current density during the anodization process of the bulk alloy, the 

current density of the Ti-19Ta/Al composite layer shows several clear stages, as 
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highlighted in red in Fig.4.3.5e. When the anodic oxide/metal interface penetrates into the 

Ti-19Ta/Al interface, the current density shows a slight increase followed by a sharp 

decrease. Afterwards, the steady-state current density of the anodization of the underlying 

Al layer is significantly lower than that of the upper Ti-19Ta thin film.      

 
Figure 4.3.6 SEM images of the anodic oxide layer formed on a sputtered Ti-19Ta 

alloy/Al substrate at 20 V in the 0.2 M NH4F containing ethylene glycol electrolytes with 

(a)-(b) 0 H2O, (c)-(d)1 vol. % H2O, and (e)-(f) 2 vol. % H2O, showing: top(left columns) 

and cross-sectional views (right columns, the inset shows the thickness ). The inset of (e) 

shows the open bottom of the nanotubes.  

 

Recently, Albu et al. reported that by anodizing through the patterned Ti/Al composite 

layer (an Al film evaporated on a thin Ti foil) followed by a selective back side etching of 
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the Al and Al2O3 parts, defined TiO2 nanotube membranes with both sides open can be 

obtained [206]. Compared with the previous fabricated free-standing flow-through TiO2 

membranes [110], the formed new type of flow-through TiO2 membranes is more robust and 

reliable. Considering the better mechanical stability of the nanoporous layer rather than 

the nanotubular layer, it is expected to produce an even more robust flow-through 

membrane by fabricating the nanoporous TiO2-Ta2O5 layers with open bottoms. Thus, in 

order to achieve such a flow-through nanoporous oxide layer, further attempts to optimize 

the anodization process are made. 

As discussed previously, the anodization of the bulk Ti-Ta alloy tends to build anodic 

nanoporous oxide layers in organic electrolytes with low amounts of water. [201] Hence, a 

series of anodization experiments were performed in the 0.2 M NH4F containing ethylene 

glycol electrolytes with even lower water content, i.e., with 0 vol.%, 1 vol.%, and 2 vol. % 

H2O, of which the SEM images are shown in Fig.4.3.6.  

It can be seen from Fig.4.3.6, although the morphologies and the ordering of the formed 

anodic oxide nanoarchitectures vary with the used electrolytes, they are still nanotubular 

layers. Furthermore, it should be kept in mind that, in case of anodization of metals in 

organic electrolytes, an electrolyte with a lower water content will also cause disordering, 

inhomogeneity or defects in the obtained anodic oxide 1D nanoarchitectures (for example, 

see Fig.4.3.6a-b).Therefore, further attempts to use the ethylene glycol electrolyte with an 

extremely low water content in a glove box [207] are unnecessary.  

In brief, this section shows that by anodizing the sputtered Ti-19Ta alloy/Al thin film 

under suitable conditions, self-ordered TiO2-Ta2O5 nanotubular arrays with open bottoms 

can be fabricated. However, in order to form flow-through nanoporous TiO2-Ta2O5 layers, 

the substrate should be further optimized.  
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4.3.3Anodic formation of self-ordered nanoarchitectured layers on TypeIII thin films 

The substrate effects on selective formation of anodic nanoporous/nanotubular structure 

become more evident with the anodization of the sputtered Ti-19Ta alloy/Si wafer thin 

film. Fig.4.3.7a-c show the SEM images of the anodic oxide layer formed on the sputtered 

Ti-19Ta alloy/Si substrate in the 0.2 M NH4F containing ethylene glycol electrolyte with 5 

vol. % H2O at 20 V for 45 minutes. Clearly, a highly self-ordered nanoporous oxide layer 

with a diameter of 30 nm and a thickness of 3.9 μm is obtained on the Si substrate, which 

shows a degree of ordering comparable to the nanoporous layer formed on the bulk 

Ti-19Ta alloy. 

   

 
Figure 4.3.7 SEM images of the anodic nanoporous layer formed on sputtered Ti-19Ta /Si 

substrate in the 0.2 M NH4F containing 5 vol. % H2O/ethylene glycol electrolyte at 20 V 

for 45 minutes showing: (a) top view, (b) cross sectional view, (c) thickness. (d) the 

current transient recorded during the anodization process and also with extended time. The 

inset shows an SEM image of the resulting layer with long-time anodization.   

 

As shown in Fig.4.3.7c, after 45 min anodization and consuming an approx. 1 μm thick 
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metallic layer, a 3.9 μm thick oxide nanoporous structure is obtained (there remains an 

approx. 200 nm thick metallic layer underneath). Considering the porosity of 36% of the 

nanoporous layer, the expansion ratio from the metallic layer to the oxide nanoporous 

layer is 2.47. 

According to the results of the Type II thin film, Type III thin film and the bulk alloy, it 

is found that the metallic substrate indeed plays an important role in determining whether 

anodic oxide nanopores or nanotubes are formed. Although the origin of these effects are 

not entirely clear, it can be assumed that these effects could be attributed to the quality of 

sputtered films (such as the defects and inner stress, see Fig.4.3.1d and f) or/and 

underlying substrates (such as different materials or surface roughness). (It has been 

confirmed by the EDX analyses that both of Ti-19Ta/Al and Ti-19Ta /Si thin films contain 

the same ratios of Ta/Ti.) In order to fabricate long range self-ordered anodic nanoporous 

structures, the homogeneous substrates with less inner stress and defects are preferred. As 

previously discussed, the inner stress and defects of the metal will accelerate the 

preferential etching of nanopore boundaries (and split into nanotubes). A substrate of the 

sputtered film with a flat and smooth surface, such as a Si wafer, will benefit the growth of 

identical long range self-ordered anodic nanoporous oxide layers (with the bulk metal).  

Up to now, among the three types of thin films, only the sputtered Ti-19Ta/Si thin film 

shows the feasibility to form highly self-ordered nanoporous layers over a large area, 

which are promising for the fabrication of more robust flow-through membranes (and also 

other practical applications).More investigations are therefore performed on this thin film 

substrate.   

However, in contrast to the Ti-19Ta/Al composite layer, the attempt to anodize through 

the Ti-Ta thin film and penetrate into the underlying substrate has failed for this 

Ti-19Ta/Si composite layer. As shown in Fig.4.3.6d, with extended anodization time (> 
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45 minutes), the current density quickly drops, indicating that the anodic oxide/metal 

interface gradually reaches the Ti-19Ta/Si interface. Later on, at a certain time it rapidly 

increases to a maximum followed by a sudden drop. Meanwhile, a lot of inner stress 

(probably together with gas evolution) is generated during this process and breaks the 

formed anodic nanoporous film into fragments. The inset of Fig.4.3.6d shows the SEM 

image of the obtained layer. This phenomenon might be associated with local dielectric 

breakdown events in the Si substrate, when the anodic oxide/metal interface is reaching 

the Si substrate.  

 
Figure 4.3.8 SEM images of the anodic nanoporous layer formed by anodization of a 

Ti-19Ta alloy/Si thin film in the 0.2 M NH4F containing ethylene glycol electrolyte with  

5 vol. % H2O at 7 V for 2.3 hours, showing: (a) top view(The inset shows large-area top 

view.) , (b) cross-sectional views, (c) cross sectional view at bottom, and (d) thickness. 

 

In order to overcome this crack or disbonding problem, several approaches to modify 

the anodization process are explored, e.g., using lower applied potential or gradually 

decreasing the potential during the anodization process. Fig.4.3.8 exhibits the SEM 
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images of an entire anodic nanoporous layer with high self-ordering, which is formed by 

the anodization of a Ti-19Ta thin film in the 0.2 M NH4F containing ethylene glycol 

electrolyte with 5 vol. % H2O at 7 V for 2.3 hours.  

Nevertheless, according to Fig.4.3.8c-d, there is still a thin metallic substrate (approx. 

235 nm thick) remaining on the Si substrate, after 2.3 hour anodization. This observation 

indicates that the growth rate of the anodic nanoporous oxide layer decreases significantly 

due to this low potential, and the problem of local breakdown events of Si (at the end of 

anodization) are not avoided. Moreover, according to Fig.4.3.9a, these local breakdown 

events unfortunately take place again with even extended anodization time (> 3 hours), 

resulting in the fracture of the obtained anodic oxide layer (see the inset of Fig. 4.3.9a). 

Therefore, we gradually decrease the voltage when the anodic oxide/metal interface 

reaches the Ti-19Ta/Si interface. Fig. 4.3.9a shows the current transient recorded during 

the anodization process ending with the gradually decreased voltage from 7 V to 3.5 V at a 

rate of approx. 100 mV/s and then to 0 V. Evidently, at slightly reduced voltage the 

current density smoothly decreases to zero without the occurrence of breakdown events. It 

should be noted that due to the slight differences among the different sputtered Ti-19Ta 

alloy/Si samples, the time at which the anodic oxide/metal interface exactly arrives at the 

Ti-19Ta/Si interface might vary (for example, see Fig.4.3.9a). A practical way to 

determine the right time segment when decreasing the voltage is to carefully monitor the 

current transient during the anodization process.  

As shown in Fig.4.3.9b, after the decreasing voltage process, an anodic nanoporous 

layer with a thickness of 3.16 μm is built on the Si substrate over a large area (the crack in 

Fig.4.3.9b is due to mechanical breaking of the samples for getting a cross-sectional 

view).On the other hand, it is evident from Fig.4.3.9d that the layer underneath of the 

nanopores is the bare Si substrate, which indicates that in the central regions the sputtered 
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metallic film has been completely converted into a nanoporous oxide layer.  

 
Figure 4.3.9 a) Current densities recorded during the anodization of a Ti-19Ta/Si thin film 

under 7V with/without the decreasing voltage process. The inset shows the resulting layer 

without decreasing voltage process. SEM cross-sectional views of d) formed anodic oxide 

layer with the decreasing voltage process, (c) the boundary and (d) the central region of 

the remaining metallic substrate. 

 

Nevertheless, due to the volume expansion occurring during the anodization process, 

the anodic oxide/metal interface is not exactly vertical to the substrate at every spot over 

the entire anodization area, especially near the boundary regions. Fig.4.3.10 shows the 

SEM cross-sectional image of the obtained anodic TiO2 nanotubes by anodization of a 

sputtered Ti thin film on a Si substrate [97,99]. It can be observed that the oxide/metal 

interface slightly tilts to the outer direction near the margin of the anodization area.  

A similar phenomenon also occurs during the anodization of a Ti-19Ta alloy/Si thin 

film. As shown in Fig.4.3.9c-d, although the central region of the metallic layer is 

completely consumed, there are still some remaining metallic substrates (~90 nm thick, 
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see Fig.4.3.9c) at the border part. 

 
Figure 4.3.10 SEM cross-sectional image of TiO2 nanotubes on a sputtered Ti/Si substrate 

(Taken from Ref. [99])  

 

In summary, in this section it is further clarified that substrates play a role in the 

formation of an anodic oxide nanoarchitectured thin film. The flat Si wafer substrate with 

a smooth surface and fewer defects will benefit the formation of large-area self-ordered 

anodic oxide 1D nanoarchitectures. By optimizing advanced anodization process of the 

sputtered Ti-19Ta alloy/Si thin film, a long-range self-ordered anodic nanoporous 

TiO2-Ta2O5 thin film with a thickness of 3.16 μm has been successfully fabricated on a Si 

wafer.   
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4.4 Anodic formation of self-ordered oxide superlattice nanotube arrays  

As described previously, by optimizing advanced anodization processes, we could 

fabricate high aspect ratio, self-ordered anodic TiO2 and other MOx 1D nanoarchitectures. 

However, in the views of further altering and enhancing the performance of oxide 

nanotubes, the most promising principle is to engineer heterojunctions in the nanotube 

wall to modify the electrical, optical, or chemical properties of the nanotubes. In this 

chapter, a new synthesis route towards the formation of self-ordered oxide superlattice 

nanotube arrays will be explored. The obtained oxide nanotube walls will consist of 

alternating pairs of heterojunctions. The key to achieve modulated nanotube walls is to 

employ a suitable anodization process on a bi-metallic multilayer substrate, and 

successfully convert both elements stacks into self-ordered oxide nanotube arrays, as 

illustrated in Figure 4.4.1. 

    
Figure 4.4.1 a) Schematic set-up for anodization experiments and b) Schematic 

illustration of the anodic growth of TiO2/Ta2O5 superlattice nanotube arrays from Ti/Ta 

multilayers  
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4.4.1 Anodic formation of superlattice nanotube arrays on Al foil 

For the first attempt to realize this idea, we selected the combination of titanium and 

tantalum, as we anticipated significant electronic effects in TiO2 by junction formation 

with Ta2O5. The materials show a considerable band-gap mismatch (Eg TiO2 ≈ 3.1eV 

[179,208,209]; Eg Ta2O5 ≈ 4eV [210]) and band-edge offsets.  

 
Figure 4.4.2 SEM cross-sectional view of (a) the sputtered Ti/Ta multilayer (The inset 

shows higher magnified view), and (b) the formed nanotube arrays. The inset of (b) shows 

a top view on the as-grown layer (upper) and a cross-section of the entire layer (lower). c) 

STEM images of the formed oxide nanotubes. The inset shows higher magnified views of 

the oxide superlattice (upper) and the multilayer substrate (lower).d) Current density-time 

curve during anodization process (The inset shows a magnification of the current 

oscillations that can be observed when the oxidation fronts penetrate Ti and Ta layers.) 

 

As shown in Fig.4.4.2a, the obtained Ti/Ta multilayers on Al foil are approx. 1 μm 

thick, which contain approx.100 pairs of alternating Ti/Ta metallic layers (the individual 
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layer thickness is 7.5 nm for Ti and 2 nm for Ta). Fig.4.4.2b shows SEM image of the 

successfully formed self-organized nanotube superlattice arrays, after the anodization of 

the multilayers in the ethylene glycol electrolyte containing 0.2 M NH4F and 2 vol. % H2O 

under 20 V for 30 minutes. According to SEM cross-sectional view, the formed nanotube 

arrays are 1±0.1 μm thick (after 30 min anodization), well aligned and perpendicular to 

the substrate. Interestingly, it is also revealed in Fig.4.4.2b/c that, the formed nanotube 

arrays consist of a stack of alternating oxide nano-rings in the tube wall (i.e., a series of 

nanoscale heterojunctions along the tube wall).This can be attributed to the different oxide 

conversion factors [90, 158] and the different etching resistance of the two oxides in fluoride 

containing electrolytes.[186] From the top view (the inset of Fig.4.4.2b), one can determine 

an inner tube diameter of 24 nm. The outer nanotube diameter shows regular fluctuations 

from 47 nm to 60 nm along the tube walls. 

During the anodization of these multilayers the progress of metal to nanotube formation 

can be monitored by recording the current (see Fig.4.4.2d). The general trend is entirely in 

line with the characteristics typically obtained during the formation of self-organized 

nanotubular layers (with a current-maximum when self organization is initiated [28-30]). The 

current density after the maximum shows regular oscillations that coincide with the oxide 

formation front penetrating Ti or Ta layers. The regularity in the current oscillations 

indicates a high level of temporal and spatial synchronicity of the process over the entire 

sample surface.  

Fig.4.4.2c depicts a high-angle annular dark field scanning transmission electron 

microscope (HAADF-STEM) image of a Ta/Ti multilayer which has been almost 

completely transformed to a nanotube layer by electrochemical anodization. In the 

HAADF mode the local image intensity is strongly dependent on the atomic numbers Z of 

the atoms in the probed area (Z contrast). Therefore bright regions can be directly ascribed 
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to Ta (Z=73) rich zones whereas dark regions correspond to Ti (Z=22) rich areas, as 

confirmed by local EDX spectroscopy (Fig.4.4.3a/b). In the bottom part of Fig.4.4.2c, 

part of the original Ta/Ti multilayer can be seen which has not been transformed into the 

oxide (see lower inset).  

 
Figure 4.4.3: a) HAADF-STEM image of the formed TiO2/Ta2O5 nanotubes superlattice 

arrays with EDX point analysis on bright and dark parts of the TiO2/Ta2O5 nanotubes (the 

analysis results are shown in (b). 

 

From the comparison of the layers in the bottom and top part of Fig.4.4.2c, it can be 

concluded that volume expansion has occurred during the anodic oxidation, i.e. the 2 nm 

thick Ta layers expanded to approx. 9 nm thick Ta-oxide layers whereas the Ti layers 

expanded from 7.5 nm (in the multilayer) to 11 nm (in the oxide). This expansion is very 

regular over the entire tube length, i.e. no blurring of the anodization front seems to occur 

with anodization depth.  

By complete anodization of the 1 μ m thick multilayers in 0.2 M NH4F containing 

ethylene glycol electrolyte with 2 vol. % H2O under 20 V, the 2.35 μm thick self-ordered 

superlattice nanotube arrays can be obtained, as shown in the inset of Fig.4.4.4a.The 
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length of the tubes can be adjusted by anodization time (see Fig.4.4.4a). Moreover, in this 

electrolyte an optimized growth of ordered nanotubes can be established in a range of 

different applied voltages. The inner diameter of superlattice nanotubes can be tailored 

with the anodization voltage (see Fig.4.4.4b). In all cases, the obtained tube arrays are 

well aligned and perpendicular to the substrate.  

  
 Figure 4.4.4 (a) Thickness of TiO2/Ta2O5 superlattice nanotube layers as a function of 

anodization time. The inset shows a cross-sectional SEM image of formed 2.35 μm thick 

superlattice nanotubes after complete consuming 1 μm thick multilayers. (b) Inner 

diameter of the resulting superlattice nanotube layer as a function of the applied voltage. 
 

Similar to the previously studied Ti-19Ta/Al and the Ti/Al [206] composite substrates, it 

is also feasible to anodize through the thin Ti/Ta multilayers and penetrate into the 

underlying Al substrate with the long-term anodization. The superlattice nanotube arrays 

with open bottoms can then be obtained, as shown in Fig.4.4.5b. However, compared to 

the 100 μm thick Al foil, the 2.35 μm thick superlattice nanotube membrane is too thin to 

self-support (i.e., lack of mechanical stability), during the chemical etching process of the 

backside Al/Al2O3 layers. Several attempts to fabricate the flow-through superlattice 

nanotube membrane by back etching of Al/Al2O3 have failed.  
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Figure 4.4.5 SEM bottom views of the TiO2 / Ta2O5 superlattice nanotube arrays with (a) 

closed bottoms and (b) open bottoms, which are anodized under the same conditions of 

Fig.4.4.2 for 30 min and 120 min, respectively. The insets show the SEM top views of the 

related substrates. 

 

 
Figure 4.4.6 SEM top views (left column) and cross-sectional views (right column) of the 

anodic oxide layer formed in (a) and (b) 0.4 M NH4F containing ethylene glycol 

electrolyte with 1 vol. % H2O at 40 V; (c) and (d) 0.2 M NH4F containing glycerol 

electrolyte with 5 vol. % H2O at 20 V 

 

Moreover, it should be kept in mind that in order to continuously convert both of 

elements into the oxide nanotubes, the anodization condition should be carefully 



 113

fine-tuned to avoid detrimental effects, such as selective etching of one of the oxide 

compounds, loss of self-organization, strong diameter oscillations or flaking off from the 

substrate. Fig.4.4.6 shows some unsuccessful anodization results on Ti/Ta multilayers that 

self-organized oxide superlattice nanotube arrays are not achieved.  

Fig.4.4.6a-b show the SEM images of the anodic oxide layer formed in the 0.4 M NH4F 

containing ethylene glycol electrolyte with 1 vol. % H2O at 40 V. Evidently, the formed 

anodic oxide layer is partially etched out (probably the TiO2 parts) and no defined 

nanotubes are obtained, which might be caused by the strong etching of 

high-concentration fluorides. In contrast, for the anodization of Ti/Ta multilayers in the 

0.4 M NH4F containing glycerol electrolyte with 5 vol. % H2O at 20 V, this 

electrochemical condition fails to establish the self-organized growth system for both 

elements (see Fig.4.4.6c-b). 
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4.4.2 Crystalline structure and composition analysis of superlattice nanotubes 

As presented in the XRD patterns (Fig.4.4.7), the as-formed superlattice nanotube layers 

are amorphous. To crystallize the material, the annealing treatments in N2 at 550°C and 

630°C for 5 hour were performed. XRD patterns (Fig.4.4.7) taken from the annealed 

superlattice stack at 550°C exhibit a conversion of the amorphous TiO2 to mainly the 

anatase phase, while there is no indication for a significant crystallization of the 

amorphous Ta2O5 phase.  

 
Figure 4.4.7 XRD spectra of TiO2/Ta2O5 superlattice nanotubes before  

and after annealing at 550°C and 630°C in N2. 

 

 
Figure 4.4.8 HRTEM images of the TiO2/Ta2O5 superlattice nanotubes walls after 

annealing at 550°C (a) and 630°C (b). 

 

This is in line with observations in HRTEM (Fig.4.4.8) where at this temperature clear 
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anatase crystals are observed but the Ta-oxide phase remains largely amorphous. At 

630°C, the XRD measurement (in Fig.4.4.7) indicates for TiO2 still mainly anatase, but 

also some minor amounts of rutile are observed. For the Ta-oxide the measurement now 

also reveals the pronounced crystallization that is also apparent in the HRTEM image of 

Fig.4.4.8b.  

XPS spectra (Fig.4.4.9) taken from the annealed superlattice nanotube arrays confirm 

that the oxides are present as Ta2O5 and TiO2 at both annealing temperatures. 

 
Figure 4.4.9 XPS: Ta4f (a) and Ti2p (b) spectra of the TiO2/Ta2O5 superlattice nanotube 

arrays after annealing at 550°C and 630°C. 
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4.4.3 Phonon Confinement effect in superlattice nanotube arrays  

The obtained alternating structure in superlattice nanotubes is in the size range where size 

confinement effects for TiO2 could occur. Usually, optical band-gap widening can hardly 

be observed for TiO2 nanoparticles (at least not for diameter >5 nm), but phonon 

confinement has been reported for <20 nm diameter TiO2 particles [211,212] several times, 

and been observed for TiO2 nanotubes [213]. The present TiO2/Ta2O5 nanotube superlattice 

structure contains TiO2 size units that are confined to less than 12 nm in two dimensions; 

therefore, a significant effect on phonon confinement may be expected. Fig.4.4.10a shows 

the Eg mode from Raman spectra of the TiO2/Ta2O5 superlattice nanotube arrays, 

compared with pure TiO2 nanotubes (Fig.4.4.10c) and with large grain (~200 nm) anatase 

(TiO2) crystallites (Fig.4.4.10d). Before Raman measuring, all the samples have been 

annealed at 630°C to be crystallized.   

The anatase peak position of the TiO2/Ta2O5 nanotubes is at 146.1 cm-1 and shows a 

remarkable blue shift compared with the reference materials at 143.1cm-1 (TiO2 nanotubes) 

or 144.1 cm-1 (large grain anatase powder). The full width at half-maximum (FWHM) of 

the peak also exhibits a significant broadening, from 8.6 cm-1 (anatase) or 10.9 cm-1 (TiO2 

nanotubes) to 19.8 cm-1 for the superlattice. Peak shift and widening can be attributed to 

the strong additional confinement of phonons in the TiO2/Ta2O5 superlattice arrays, 

compared with pristine TiO2 nanotubes. The results are in line with prediction from 

different theoretical models for phonon confinement in TiO2
 [214-216] which are shown in 

Fig.4.4.10b (as Mode 1-3). The lines give the expected dependence of the FWHM and the 

peak shift as a function of feature size as predicted by different theoretical approaches in 

Ref. [214-216]. The deviation of the FWHM value between the experiment and the 

theoretical model can be associated with the extra confinement effect due to the 3 

dimensional superlattice structures. 
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Figure 4.4.10 (a) Normalized low-frequency Raman spectra of the Eg mode for the 

annealed TiO2/Ta2O5 nanotube superlattice arrays, compared with pure TiO2 nanotubes 

and large grain TiO2 anatase crystals. (b) The FWHM and peak shift of the Raman line in 

comparison with theoretical calculations as a function of TiO2 feature size (solid lines). 

The SEM images of (c) pure TiO2 nanotubes and (d) large grain anatase powder.  

 

In such structures due to additional dimensional confinement, nano-size effects (such as 

phonon confinement) can be amplified. This reveals that the potential of these layers to be 

used for altering and controlling the electronic and optical properties by designing the tube 

wall spacing (and constituents).  
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4.4.4 Photocatalytic activity of superlattice nanotube arrays 

To explore the beneficial electronic effects of the superlattice nanotubes structure, we 

investigated the photocatalytic activity of the modulated TiO2/Ta2O5 tube compared with 

the pure anodic TiO2 nanotubes and Ta2O5 nanopores of identical length. Fig.4.4.11a 

shows the photocatalytic decomposition rate of a model organic compound (crystal 

violet[217]) under UV light illumination for the annealed superlattice nanotube and the plain 

TiO2 nanotube/Ta2O5 nanopores of 1 μm thick. Considering the fast growth rate of the 

anodic Ta2O5 nanopores, the used Ta2O5 nanopores is actually approx. 1.5 μm thick, 

which is formed in the 0.2 M NH4F and 0.15 M (NH4)2SO4 containing ethylene glycol (5 

vol. %) / glycerol electrolyte at 20 V for 6 min anodization. 

 
Figure 4.4.11 Photocatalytic decomposition kinetics for TiO2/Ta2O5 superlattice 

nanotubes arrays, plain TiO2 nanotubes and Ta2O5 nanopores layers of identical length.  

 

It is apparent that the decomposition kinetics is significantly faster for superlattice tubes 

than for the other two (even for the relatively thicker Ta2O5 nanopores layers). The 

photocatalytic efficiency of oxide nanostructures ,to a large extent, is based on the transfer 

rate of photogenerated charge carriers to the electrolyte (in particular valence band holes 

that react with surrounding water to form highly reactive OH· -radicals that in turn, may 

oxidize virtually any organic compound to CO2 and H2O). Charge transfer to the 
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electrolyte usually competes against electron-hole recombination. The faster electrons and 

holes get spatially separated, the lower is their recombination probability. As the 

heterojunctions in the superlattice tube walls establish potential gradients which separate 

carrier pairs, they reduce the carrier recombination probability. In each TiO2/Ta2O5 

heterojunction, band bending is significantly enhanced and the photogenerated electrons in 

the CB and holes in the VB of Ta2O5 could migrate to the coupled TiO2 bands. As a result, 

the enhanced charge carrier injection rate to the surrounding electrolyte (with the 

suppression of the carrier recombination rate) leads to strongly increased photocatalytic 

activity.[183, 218] 

In summary, we demonstrate in this chapter that by optimization of the advanced 

anodization processes on metallic multilayers, the highly defined oxide superlattice 

nanotube arrays can be obtained. Such nanotubular structures with modulated tube walls 

can strongly enhance the optical, electrical, electronic and surface chemistry properties of 

nanosize materials[219-221].  

Here we created modulated TiO2/Ta2O5 heterojunctions in the nanotube walls for the 

first time, but the strategy presented seems highly universal. That is, we can fabricate a 

wide range of transition metal oxide nanotube arrays with superlattice features. 3D 

superlattice structures are, up to now, available mostly as nanowires and mainly based on 

high vacuum MBE or CVD techniques [219-221]. In comparison, the anodization approach 

for nanotubes production, is low-cost, convenient, high yield, and easily scaled up, due to 

its parallel nature.  
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4.4.5 Anodic formation of superlattice nanotube arrays on Si wafer 

Because of the successful formation of TiO2/Ta2O5 superlattice nanotube arrays on an Al 

foil [222], it is also of interest to achieve the identical superlattice nanotubes on other 

desired substrates, e.g., on a Si wafer. Thus, in this section, we will attempt to grow such 

superlattice nanotube arrays on Si wafer substrates. As shown in Fig.4.3.12a, the involved 

sputtered Ti/Ta multilayers are approx. 900 nm thick and contain approx.90 pairs of 

alternating 7.5 nm-Ti/ 2 nm-Ta metallic layers.  

 
Figure 4.4.12 a) SEM cross-sectional images of the Ti/Ta multilayers on Si wafer( The 

inset shows the magnified view).(b)-(d) show the SEM images of the superlattice 

nanotube formed in the 0.2 M NH4F containing ethylene glycol electrolyte with 2 vol. % 

H2O at 20 V, showing the top (b) and cross-sectional views (c)and(d). 

 

Fig.4.4.12b-d show the SEM images of the superlattice nanotube arrays formed in the 

0.2 M NH4F containing ethylene glycol electrolyte with 2 vol. % H2O at 20 V. In contrast 

to the previously obtained self-ordered superlattice nanotubes on Al foil, some short 

irregular nanotubes are observed in these formed nanotube arrays (see Fig.4.4.12c-d). This 
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might be due to the fact that different substrates, e.g., Si wafer or Al foil, may require 

different optimized electrochemical conditions towards the formation of self-ordered 

nanoarchitectures. The further optimizations of the anodization conditions for this kind of 

substrate are therefore attempted.  

 
Figure 4.4.13 SEM images of the anodic TiO2/Ta2O5 superlattice nanotube arrays formed 

in the 0.2 M NH4F containing ethylene glycol electrolyte with 5 vol. % H2O after 40 min 

anodization at 40 V showing (a) top, (b) bottom and (c) cross-sectional views. The inset 

shows the thickness. (d) shows the current transient recorded during the anodization 

process. (The inset shows a magnification of the current oscillations that can be observed 

when the oxidation fronts penetrate Ti and Ta layers.) 

 

Fig.4.4.13 shows SEM images of the TiO2/Ta2O5 superlattice nanotube arrays formed 

in 0.2 M NH4F containing ethylene glycol electrolyte with 5 vol. % H2O at 40 V. 

Apparently, the obtained TiO2/Ta2O5 superlattice nanotube arrays are highly ordered over 

a large area, with an inner tube diameter of approx. 51 nm and the gap between periodic 

nano-rings of 24 nm. By 40 min anodization of these multilayers (nearly consuming all the 

metallic multilayers), well defined superlattice nanotube arrays with total lengths of 2.35 
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μm are obtained (see the inset of Fig.4.4.13c).The corresponding current density-time 

curve shown in Fig.4.4.13d also exhibits the similar regular oscillations, but with a 

relative shorter time gap, i.e. of approx. 17 s. This might be due to the high applied 

voltage that accelerates the growth of the superlattice nanotubes.  

Overall, by adjusting the anodization conditions, the self-ordered TiO2/Ta2O5 

superlattice nanotube arrays can be built on various substrates. In fact, some other 

important parameters of the obtained superlattice nanotubes can also be easily tuned by 

adjusting the electrochemical conditions, such as the length and diameter of the nanotubes. 

Even for the modulation space in the nanotube walls, by anodizing the 2 nm-Ti/ 2 nm-Ta 

multilayers (instead of the 7.5 nm-Ti/ 2 nm-Ta multilayers) under the optimized 

anodization conditions (i.e., in 0.2 M NH4F containing ethylene glycol electrolyte with 5 

vol. % H2O at 30 V) , self-ordered 3 nm-TiO2/7 nm-Ta2O5 superlattice nanotube arrays 

can be formed. However, after the annealing treatments, these superlattice nanotubes with 

10 nm modulation space do not show clear anatase phase in the XRD and Raman spectra, 

which might be attributed to element diffusion and incorporation during the annealing 

treatments . 
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5 SUMMARIZING SOME KEY FACTORS OF ADVANCED 

ANODIZATION APPROACHES FOR SELF-ORDERING  

The previous chapters have demonstrated that the optimization and the precise control of 

the electrochemical conditions are crucial to the establishment of a steady-state 

self-organization system on different metallic substrates and the formation of high aspect 

ratio, self-ordered MOx nanoarchitectures. In this chapter, we will discuss some key 

factors, mainly in the aspects of the electrolyte and substrate used, for fabricating anodic 

high aspect ratio, self-ordered MOx nanoarchitectures (i.e., nanotubes and nanopores). 

In general, the anodic formation of self-organized MOx nanoarchitectures in fluoride 

containing electrolyte on different metals or alloys follows the same principles. That is, a 

steady-state self-organization process leading to the formation of anodic oxide 

nanoarchitectures is established by a competition between an electric field effect oxide 

formation (Eq. (1.1)) and chemical dissolution of oxide by fluoride ions (Eq. (1.2)).  

M + xH2O – xe-→ MOx + 2xH+                    (1.1) 

MOx + yF- +2xH+ → [MFy]2x-y + xH2O              (1.2) 

The key to form high aspect ratio, self-ordered MOx 1D nanoarchitectures is to affect 

these two reactions with the optimized electrochemical conditions. As described in 

previous chapters, during the long-term anodization process, the thickness of the anodic 

oxide layer will reach the maximum value when the steady-state condition between the 

tube growth at the bottom and the permanent chemical/electrochemical dissolution at the 

top is established. In order to build anodic MOx nanoarchitectures with high aspect ratio, 

the chemical etching of the formed oxide nanotube/nanopore tops by fluoride ions should 

be suppressed. Up to now, organic electrolytes, such as ethylene glycol and glycerol, are 

the mainly employed electrolytes to form high aspect ratio MOx nanotubular/nanoporous 

layers on various metals and alloys. Due to high viscosity of the organic electrolytes 
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compared to aqueous ones, fluoride ions have a comparably low diffusion coefficient in 

organic electrolytes, according to the Stokes-Einstein equation (5.1):                

rη6π
Tk D B

××
×

=                      (5.1) 

where D is the diffusion coefficient, kB Boltzmann’s constant, T absolute temperature, η  

the dynamic viscosity and r the radius of a spherical body. 

As a result, during the anodization of metals in organic fluoride containing electrolytes, 

less amounts of fluoride ions are diffused from the bulk electrolyte to the formed oxide top 

part and the etching of oxide top by fluorides is also reduced, according to the Fick’s first 

law of diffusion (5.2): 

dx
dc

×−= DJ                       (5.2 ) 

where J is the flux of the species (amount of substance that will flow through a small area 

during a small time interval), D the diffusion coefficient, dc the concentration gradient 

over the distance dx. 

The formation of high aspect ratio anodic nanoporous Ta2O5 layers represents an 

extreme case of using organic electrolytes. In case of the anodization of Ta in aqueous 

fluoride containing electrolytes, due to the strong etching of formed oxide top by the 

high-concentration of fluorides, only an irregular nanoporous Ta2O5 layer with a thickness 

of less than 500 nm is obtained. In contrast, by using the NH4F containing ‘pure’ glycerol 

electrolytes, the etching of oxide top is significantly reduced by the viscous glycerol 

electrolyte and 12 μm thick nanoporous Ta2O5 layers can be easily prepared. It is 

noteworthy that the addition of small amounts of extra water (such as 1 vol.% of H2O) into 

the NH4F containing ‘pure’ glycerol electrolyte will completely change the diffusion 

coefficient of fluoride ions and lead to the formation of thin oxide layers, which are 

similar to the layer obtained in the aqueous electrolytes with small amounts of fluorides. 
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Using organic fluoride electrolytes is greatly helpful for the formation of various high 

aspect ratio MOx nanotubes/nanopores. However, in order to obtain self-ordered MOx 1D 

nanoarchitectures, further optimization of the organic electrolytes and electrochemical 

conditions is needed. The key to achieve the self-ordered growth is to anodize these 

transition metals or alloys under the initial high electric field strength, which is in line 

with the previous observations on self-ordered anodic porous Aluminum oxide by Ono et 

al.[145-147].  

 
Figure 5.1 SEM cross-sectional images of the initial phase of anodic TiO2 nanotube 

growth. First, a) a compact layer is formed, then b) local thinning and c) tube embryo 

formation occurs before d) stable tube growth is finally established.(Taken from Ref.[30]). 

e)Schematic representation of self-ordered arrangement under high electric field. (Taken 

from Ref.[147]).  

 

Fig.5.1a-d show a typical sequence of TiO2 nanotubular layer growth during the initial 

phase, e.g. the first 110 s.[30] As demonstrated in Fig.5.1, the initial growth phase of the 

anodic MOx nanotube/nanopore (such as TiO2 nanotube) shows four stages. First, due to 

the electric field oxidation, a compact oxide layer is formed on the metal surface 

(Fig.5.1a). Then, the local etching of oxide film by fluoride ions develops grooves and 

small pores on the top (Fig.5.1b).Affected by the field-enhanced fluoride etching and the 
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stress during the oxide formation(generated by the volume expansion from metal to 

oxide[168]), the grooves and small pores existing on the surface will either disappear or 

grow deeper (Fig.5.1c). Once the self-organization is established and the pore/tube growth 

process reaches the steady state, the anodic oxide nanopores/nanotubes will continue 

growing with time (Fig.5.1d). It can be deduced from this process that the ordering of the 

formed anodic oxide nanoarchitectures mainly depends on the self-organized process in 

the pore/tube nucleation period, i.e., the period between Fig5.1b and Fig.5.1c.   

With the initial high electric field strength, both reaction (1.1) and (1.2) are accelerated 

and lead to a rapid oxide growth. Due to the enhanced field-assisted chemical dissolution 

and the strong compressive force between structure cell boundaries (caused by rapid oxide 

growth, see Fig.5.1e), a steady-state self-organization will be reached quickly. In order to 

achieve the initial high electric field strength during the anodization process, the applied 

voltage should be sufficiently high and the conductivity of the organic electrolytes should 

not be too low.  

One drawback of the organic electrolytes is their low electrical conductivity. Because of 

the high IR-drop effects (i.e., the effective voltage of the electrode is U= Unominal-IR, 

where R is the resistance of the electrolyte and I the current) in organic electrolytes, the 

initial electric field strength of the anodization process is lower than the nominal value, 

and will cause disordered nanotube/nanoporous oxide layers. An effective way to increase 

the conductivity of the electrolytes is to mix the two kinds of electrolytes (e.g., ethylene 

glycol and glycerol or adding some water into organic electrolytes) and add some suitable 

background salts, such as (NH4)2SO4, which should be “inactive” during the reaction (1.1) 

and (1.2). As a result, an initial high electric field strength (and a correspondingly high 

initial current density) during the anodization process will be achieved and lead to the 

formation of long-range self-ordered anodic oxide 1D nanoarchitectures. (As shown in the 
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previous chapters, the increase of Unominal might not be a suitable way to enhance the 

ordering of the obtained anodic MOx nanoarchitectures.) The extremely high electric field 

strength conditions should also be avoided, which will cause strong current oscillations, 

losses of self-organization or oxide dielectric breakdown.  

Up to now, organic electrolytes are widely used in the formation of various anodic MOx 

nanoarchitectures. However, it should be kept in mind that a small amount of water in the 

organic electrolytes still play a crucial role in the formation of anodic MOx nanostructures. 

In fact, the effect of water content on the formation of oxide nanotubes/nanopores is 

two-fold. On the one hand, it is the oxygen provider to efficiently form anodic metal oxide 

nanostructures during anodization. As demonstrated by anodization of Ti in a dry glove 

box, a minimum amount of water content of 0.5 vol. % in ethylene glycol electrolytes 

should be maintained in order to grow self-ordered anodic TiO2 nanostructured layers. For 

the anodization processes outside the glove box, even the “pure” NH4F containing 

glycerol/ethylene glycol electrolyte contains some water, which comes from the native 

water in the electrolyte and the absorption from open air.  

On the other hand, the water content in the electrolyte is also an essential factor for the 

formation of tubes rather than pores. After the anodization of metal in fluoride containing 

electrolytes, an accumulation of fluorides will take place at structure cell boundaries as 

well as bottoms of the obtained nanoporous oxide layer, which consequently are prone to 

chemical dissolution in water (depending on the water-solubility of the formed metal 

fluorides). Hence, the water content in the organic electrolyte can also determine whether 

a nanoporous oxide layer or a nanotubular oxide layer is formed. It has been observed 

from many pristine metals (such as Ti, Zr and Hf), and alloys ( such as Ti-Ta and Ti-Al) 

that, in the organic electrolyte with higher water contents and/or higher fluoride 
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concentration, an anodic nanotubular oxide layer (split from the nanoporous oxide layer ) 

is obtained .   

Apart from the electrochemical condition factors, the involved metallic substrates also 

affect the formation of anodic oxide 1D nanoarchitectures and should be optimized. In 

general, a homogeneous self-ordered MOx nanotubular /nanoporous layer can only be 

obtained on a defect-free, single-phase metallic substrate (either pristine metal or alloy). 

As discussed previously, to establish a self-organized oxide growth process requires a 

steady-state specific distribution of oxide formation and dissolution, which is determined 

by the field-enhanced chemical dissolution (by fluorides) and the stress during the oxide 

formation (by the volume expansion from metal to oxide). During the anodization process, 

the defects (and dislocations) and remaining stress of the metal substrate will locally 

disturb the established distribution of the electric field and/or change the compressive 

force balance between structure cells, and thereby produce defects, heterogeneities and 

disordering of the obtained oxide nanostructures. (For example, see Fig.4.3.1b and 

Fig.4.3.3c). 

For these two/multi phase alloys, the different phase domains of the alloys normally 

contain different compositions of alloyed elements, which might have different chemical 

resistances against fluoride and different high-field growth factors. As a result, an anodic 

oxide layer with different nanoporous/nanotubular domains, cell sizes and pore diameters 

is obtained on these alloys. It is found that the nanopore/nanotube diameters (D) are 

determined by the Eq.(5.3) [30,84,158]: 

U2D ××= f         (5.3) 

where U is the applied voltage and f the high-field growth factor of the material. 

In order to form a large-area homogeneous anodic oxide nanostructured layer, some 

thermal treatments on alloys, such as annealing and quenching, could be performed(prior 
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to the anodization process).Annealing is an effective approach to remove these defects and 

remaining inner stress of metals. Annealing and subsequent quenching can be used to 

homogenize the phases of alloys.  

Under the same electrochemical conditions, some metals, e.g., Ti, prefer the formation 

of nanotubular oxide layers, whereas others tend to form nanoporous layer, e.g. Ta. This 

can be attributed to the different water solubility of their related metal fluoride compound 

(i.e., Ti-F and Ta-F compound) and the water contents of these electrolytes. Another 

interesting effect of Ta is that, a small amount of tantalum content in alloys could be 

greatly beneficial for forming a hexagonal self-ordered nanoporous layer by a simple 

one-step anodization process. This could be attributed to the excellent chemical resistances 

of Ta and Ta2O5 against fluoride, which is helpful for stabilizing the self-organized oxide 

formation process. 

For the sputtered thin films, the substrate of sputtered thin films can also affect the 

obtained anodic oxide nanostructures, apart from the quality of sputtering. A flat substrate 

with a smooth surface, such as a Si wafer, is greatly helpful for reducing the defects and 

inner stress of the sputtered films and benefit the formation of a large-scale self-ordered 

oxide 1D nanoarchitectured thin film. However, Si substrate is very difficult to be 

involved in the anodic oxide nanostructure formation process(as demonstrated in previous 

sections). The approach to anodize through the upper metallic part (the Ti or Ti-Ta thin 

film) and penetrate into the underlying Si substrate has always failed.  

In contrast to the Si substrate, the anodization of a metallic thin film sputtered on a 

valve metal foil, such as Al foil, could continuously grow through the sputtered thin film 

and smoothly penetrate into the underlying metallic substrate, without termination events( 

e.g., breakdown events or fast dissolution of substrate). After a selective back side etching 

of the substrate, e.g. the Al and the Al2O3 layer, a large-scale self-ordered oxide 
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nanotubular layer with open bottom can be obtained. This feature of anodizing through the 

metallic composite layer (e.g., Ti/Al and Ti-Ta/Al composite layer) is due to the fact that 

the anodic formation of MOx 1D nanoarchitectures in fluoride containing electrolytes on 

various metals and alloys follows the same growth mechanism.  

In other words, it is feasible to maintain the self-organization growth process when the 

anodic oxidation fronts cross the interface of different metals. Due to this characteristic, it 

is possible to further realize the idea of using a simple anodization process to convert 

metallic multilayers into an oxide superlattice nanotube arrays. In order to achieve this, the 

anodization conditions (such as the fluoride concentration and water content in the 

electrolyte and the applied voltage) should be fine-tuned to continuously convert both 

metallic elements in self-ordered oxide nanotube arrays, and avoid detrimental effects, 

such as selective etching of one of the oxide compounds, loss of self-organization, strong 

diameter oscillations or life off from the substrate. The fluoride concentration in 

electrolytes should be neither too strong (to avoid selective etching) nor too low (to avoid 

the irregular nanotubes).   

In summary, the careful optimization of the organic electrolytes, the electrochemical 

conditions and the metallic substrates is crucial for the formation of various high aspect 

ratio, self-ordered MOx 1D nanoarchitectures.  
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6 CONCLUSIONS 

Compared to the previous electrochemical self-organized approaches performed in 

aqueous fluoride containing electrolytes, advanced anodization approaches presented in 

this work have significantly broadened this research field through the fabrication of 

various high aspect ratio, self-ordered MOx 1D nanoarchitectures.  

For example, for pristine transition metals, such as Ta, by using an optimized 

glycerol/ethylene glycol mixture electrolyte with addition of NH4F and (NH4)2SO4, 

long-range self-ordered Ta2O5 nanoporous layers with thicknesses of 11 μm can be grown. 

The pore diameter of the formed nanoporous layers can be altered in a range of 7–18 nm 

by controlling the applied voltage. For Ti, by anodization of Ti in the NH4F-containing 

ethylene glycol electrolyte with precisely controlled water contents (0 ~ 0.7 vol.%), the 

transition from self-ordered anodic nanotubular to nanoporous TiO2 layer is achieved.  

Apart from pristine metals, advanced anodization approaches are also versatile for the 

formation of the alloyed oxide 1D nanoarchitectures. By carefully adjusting the small 

amount of water contents (5vol.%~15 vol.%) in the NH4F containing ethylene glycol 

electrolyte, the tunable formation of long-range hexagonally ordered anodic nanoporous / 

nanotubular TiO2-Ta2O5 layers with thicknesses of more than 10 μm can be achieved on 

the Ti-19Ta, Ti-10Ta and Ti-40Ta alloys. The pore diameter of the formed anodic 

TiO2-Ta2O5 1D nanostructures can be tailored from 27 nm to 50 nm with variation of the 

applied voltage from 20 V to 60 V.   

Particular efforts have also been made to fabricate such a self-ordered 1D 

nanoarchitectured oxide thin film on various substrates, such as Al foil and Si wafer. In 

case of the sputtered Ti-19Ta alloy/Si substrates, an entire large-area self-ordered 

TiO2-Ta2O5 nanoporous thin film with a thickness of 3.16 μm can be built on the Si 

substrate. For the sputtered Ti-19Ta alloy/Al composite layers, the self-ordered 
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TiO2-Ta2O5 nanotubular arrays with open bottom are obtained.  

Another noticeable feature of this thesis is to launch a facile route to fabricate 3D 

superlattice oxide nanotubes, without expensive UHV equipments. By optimizing the 

advanced anodization process of the metallic multilayers, highly defined oxide superlattice 

nanotube arrays can be built on either Al foil or Si wafer substrates. Such nanotubular 

structures with modulated tube walls can strongly enhance the optical, electrical, 

electronic and surface chemistry properties of nanosize materials. For the first time, we 

created modulated TiO2/Ta2O5 heterojunctions in the tube walls, but the presented strategy 

is also versatile for a wide range of transition metal oxides. The formed TiO2/Ta2O5 

confined heterojunction nanotubes, where electronic properties alternate with a 20 nm 

precision, have shown enhanced photocatalytic efficiencies and phonon confinement 

effects, and are expected to drastically enhance efficiencies in charge transfer devices. 

Finally, some key factors towards the self-ordered formation of anodic metal oxide 

nanoarchitectures are discussed. The experimental results in this thesis show that the 

optimizations of the electrolytes (the organic electrolytes, the water contents and fluoride 

ion concentration of the electrolytes), the applied voltage as well as the metallic substrates 

are crucial for the self-organized formation of high aspect ratio, self-ordered MOx 

nanoarchitectures.  
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LIST OF SYMBOLS 
 

Anonyms 

1D            One Dimensional  

MOx           Metal oxide  

UV     Ultraviolet light  

FIB            Focused Ion Beam 

ALD           Atomic layer deposition  

SEM    Scanning Electron Microscopy 

EDX     Energy Dispersive X-ray spectroscopy 

XRD     X-Ray Diffraction  

XPS     X-Ray Photoelectron Spectroscopy 

TEM     Transmission Electron Microscopy 

HRTEM        High-resolution transmission electron microscopy 

HADDF        High-Angle Annular Dark Field 

STEM          Scanning Transmission Electron Microscope 

DMSO          Dimethyl sulfoxide 

DMF           Dimethylformamide 

AAO     Anodic Aluminum Oxide 

OCP     Open Circuit Potential 

DI water      deionized water 

FWHM         Full Width at Half-Maximum 

CB     Conduction Band 

VB         Valence Band 

UHV           Ultra-high vacuum 

MBE           Molecular beam epitaxy 

CVD           Chemical vapor deposition 
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Roman letters 

Up    Passivation potential   

UOCP   Open Circuit Potential  

jcrit    Critical current density  

jp              passive current density 

Ubd    breakdown potential 

f          anodizing ratio (growth factor) 

Iintensity  Intensity of the light irradiation 

Eg    Band gap energy 

hv   Photon energy 

hν    Light energy 

e−   photogenerated electron 

h+   photogenerated hole 

D         diffusion coefficient or thicnkess 

kB         Boltzmann’s constant 

T          absolute temperature 

r          radius of a spherical body 

J          the flux of the species  

 

Greek letters 

λ    Wavelength 

η          viscosity   
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